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ABSTRACT

The Systems Research and Development Service of the

Federal Aviation Administration has sponsored a study of

,i Imeteorological information for typical urban port sites for
vertical and short take-off and landing (V/STOL) aircraft.

The results of an analysis of readily available data have

been presented in an earlier report, "Meteorological Infor-

mation for vertical and Short Take-Off and Landing (V/STOL)

j Operations in Built-Up Urban Areas - An Analysis," FAA-RD-72-

135 (Ramsdell and Powell, 1973) . That report listed imnpor-
tant information deficiencies relating to wind and turbulence

in urban areas and outlined a meteorological survey to pro-

vide needed information. This report presents the results

of the completed survey.

Survey measurements were made at three locations in the

vicinity of Seattle, Washingjton. The primary tueasurement

location was a ground-level site on the shorellne of Lake
Union north of the'contral business district. The Lake Union

site was typien-l-of potential V/STOL port sites. The top of
a 26-story building within the central business district pro-

vided the second min asurement location and the third location

J. was at the Sattle-T-acoma Airport, just west of -the runway.

These sites were typical of an eleavated VTOL port and a con-

ventional airports respectively.

Turbulenco information used in aircraft design, flight

simulation and certification is go'nerally based on obser-

vations of turbulence over flat, ru ral terrain. This infor-

mation is not applicable ii rprivell to the anticipated urban

terminal onvirormhent of V/STOL ai~rcraft4 Thus, a mAorgl



I of the survey was to obtain a description of turbulence in the

urban environment. This goal was attained, and the desired

description is embodied in a set of turbulence models devel-
"I oped using survey data. These models are described in the K

report and are intended for use in simulation of flight of
.4 V/STOL aircraft and the development of airworthiness standards.

A second major result applicable to the foregoing areas

of interest is the identification of the probability distribu-

tions of the turbulence descriptors, i.e., gust velocities and

length scales, which are used as parameters in turbulence

models. With these distributions, the turbulence models, and

a probability distribution of wind speed (e.g., Figure 3-1 of

Barr, Gangsaas and Schaeffer, 1974), it is possible to estimate

the probability of occurrence of a given turbulence environ-

I" ment at either an urban V/STOL port site or a conventional air-

ii port.

-Decisions in airport siting often must be made before

standard meteorological measurements and climatological tech-

niques can provide useful data. Combined with the wind rose

extrapolation model described in the Interim Report, the tur-

bulence models provide a set of models which can be used to

estimate climatological information on wind and turbulence at

potential V/STOL port sites reliably and efficiently. Through

these results, the survey and the analysis have provided tech-

niques for use in selection of V/STOL port sites and optimiza-
..tion of runway orient3tion.

" Additional results include the description of the dynamic

response of the standard airport cup anemometer to t irbulence.

Although the cup anemometer is not a true turbulence sensor,

turbulence information useful for operational and climatologi-

Cfcal purposes can be obtained from it. Other results describe

i l " x~i i i



the spatial aspects of turbulence. These results should be

of interest in flight simulation and the design and certifi-

cation of V/STO. aircraft.

The information developed is of limited value in air

traffic control simulations because of limitation of the
study to consideration of the lowest 200-300 ft of the atmo-

sphore. However, the discussion of observed wind shear and

the decomposition of shear into average and turbulent parts

is generally applicable to a deeper layer of the atmosphere.

Information on turbulence may also be of value if it can be

related to the probability that a given approach will end in

a m~issed approach.

The final chapter of the report contains a detailed

listing of major and m1inor conclusions drawn from the survey

data, It also contains a review of the objectives of the study

in which results are matched wi~th the ob-Wctives.

The -.,tai.led results presented throughout this report

and the data contained in the hppendices are specifically

intended for aeronautical. application to the design, certifi-

cation and operation of V/STOL aircraf't. ii. a more gaewral
* ~ sa , however, the. relport should provide mnuch needed infor-

* ination on wind and turbulence in urban aroeas for appkcation

to building desigjn and air qujality contral problems.

xxiv
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CHAPTER 1

INTRODUCTION

The development of a short-haul air transportation system

may result in scheduled commercial operation of vertical and

short take-off and landing (V/STOL) aircraft from airports in
Sbuilt-up urban areas. To aid in the satisfactory development

of this system and to ensure the safe and expeditious operation

of "/STOL aircraft, Battelle, Pacific Northwest Laboratories,

M1 has evaluated the potenL'.al meteorological problems associated

with aircraft terminal operations in this environment. The

initial analysis determined meteorological information needed

N for:

Selection of V/STOL port sites.

Optimization ot runway orientation at V/STOL ports.

!A Determination of efficient and reliable methods of

estimating climatologica. information on those meteoro-

logical variables significant to V/STOL operations at

potential port sites.

.N. T Optimization of a meteorological observation system

for V/STOL ports.

o Establishment of airworthiness standards for V/STOL

aircraft operations.

* Optimization of stability and control features for

" V/STOL aircraft.

S* Simulation of V/STOL aircraft flight.

A Simulation of control of air traffic.
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Availability and limitations of the existing information were

identified and a meteorological survey was designed to over-

come the limitations. An Interim Report (Ramsdell and Powell,

1973) has been issued which describes the results of the anal-

ysis phase of the study in detail. Following the analysis

phase, the survey was undertaken to provide meteorological

information where limitations existed. This report contains

the results of that survey.

INTERIM REPORT REVIEWED

Prior to beginning the discussion of the meteorological
survey and its results, it is appropriate to review the back-

ground information which led to the survey. In the study

leading to the Interim Report several information deficiencies
and problem areas were noted. The most significant informa-

tion deficiencies were related to the wind. Two problem areas

in communications between meteorologists and the aeronautical

engineering community were noted. Finally, a deficiency in

the information on ceilings and visibility in urban areas was

.3: noted.

Turbulence information deficiencies dominate the deficien-

i cies in the wind category both in number and in seriousness.

Turbulence is significantly related to aircraft handling and

P ride qualities. For this reason turbulence information defi-
ciencies have an impact on each of the eight areas of inquiry.
The relationship between turbulence and the areas of design of

stability and control features, flight simulation and the .

establishment of airworthiness criteria are obvious. When it
is remembered that the roughness surrounding an airport may

control the turbulence at the airport, the importance of turbu-

lence considerations in V/STOL port siting and determination
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of runway orientation is apparent. The same argument can be

extended to relate turbulence to each of the other areas.

I Information on turbulence existing at the time of the ini-

tial study indicated that urban areas increased the level of
turbulence and caused the shift of turbulence energy to higher

frequencies in the turbulence spectra. Results of flight simu-

lation suggested that this urban modification of the turbulence

would have adverse effects on handling and ride qualities of

U;i  V/STOL aircraft and on their operation. Further, the fragmen-h rtaty meteorological information available suggested that the

modification might be significant. Thus, the necessity of

additional turbulence measurements in urban areas was clearly

indicated as the only means of providing adequate descriptions

p of turbulence in this environment. Boundary layer turbulence

theory can not treat the complex boundary conditions found in

the urban area.

Since an adequate description of urban turbulence did not

exist, turbulence models used in flight simulation for design

Ior airworthiness certification were suspect. The von Karwan,

Dryden and other spectral models derived from atmospheric data

j do not apply a prio i in the urban environment. Thus, urban

turbulence data were needed to evaluate the suitability of
existing turbulence tnodels.

Not onli' is it necessary to be able to describe the urban
turbulence through models, hut it is also necessary to describe

the frequency of occurrence of various levels of turbulence.
Existinq meteorological data did not provide information ade-

quate to assess the frequency of occurrence of either of the

parameters of turbulence models. Again a turbulence measure-

ment program was indicated.
i I.
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Finally, a cursory examination of the assumption that an

aircraft at low altitude may be treated as a point mass indi-

cated that the assumption was invalid. As a result, spatial

characteristics of turbulence assume increased importance.

Meteorological data which could be used to evaluate the spa-

tial variability of turbulence on the scale of characteristic

aircraft dimensions were nonexistent for built-up urban areas

and only limited data were available for rural locations.

Two additional inadequacies were noted with respect to
wind. These were an inability to estimate the frequency of

occurrence of turbulence levels on the basis of readily avail-

able clinatological information, and the lack of a rational

technique for efficiently estimating wind roses at potential
V/STOL port sites. The latter deficiency was important since
optimization of orientation of a V/STOL port runway is based

upon data contained in the wind rose for the site and an im-

properly oriented runway could cause a. sizable reduction in

1. the usability of a V/STOL port due to excessive crosswinds.
A technique for climatological extrapolation of wind roses

was proposed in the Interim Report to remedy this deficiency.

I. A review of the literature while attempting to identify

potentially significant meLeorological problems associated with

urban terminal operations of V/STOL aircraft brought to light

two areas where communications problems hinder the interchange
of information between meteorologists and the aeronautical

engineering community. Frequently, engineers were not aware of

the results of atmospheric turbulence research and, at the same
I time, meteorologists were not aware of the specific needs of

engineers. This lack of communications results in part because

each discipline has developed a different nomenclature and

symbolism for atmospheric phenomena. :rhe second problem arises
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in interpretation of the results of flight simulations. There

is a general tendency to relate evaluation of aircraft perfor-
mance to parameters of turbulence models rather than to the

actual turbulence simulation produced by models. Specific

characteristics of the turbulence are more significant to the

aircraft than rms gust velocities or turbulence length scales.

The identification of those characteristics which are respon-

sible for marginal or unacceptable aircraft performance is

needed before meteorologists can assess the adequancy of exist-

ing turbulence models or develop better models for use by the

aeronautical community.

Finally, there was a lack of meteorological information

which could be used to evaluate the effect of an urban area on

ceilings and visibility.

1i FINAL REPORT OUTLINED

pThis report presents the results of the meteorological

survey which was conducted in Seattle, Washington, to obtain

the information needed to overcome the information deficien-

cies which have just been described. Because the most signifi-

ARE cant of the information deficiencies were related to turbulence,

the analysis of data collected during the survey has proceeded

primarily in that direction. The results of that analysis and

the summarization of the wind and turbulence data collected

during the survey, therefore, comprise the bulk of this report.

There is a large quantity of meteorological data collected

during the survey which has, as yet, not been analyzed or has

received only cursory analysis, This includes pressure, tem-

perature, humidity, visibility, solar radiation data as well

as additional wind and turbulence data.
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I Organizationally this report is arranged to permit a
I~, logical development of information needed to fully describe

.the measurement program and assess the validity of the results

of the data analysis. Therefore following this introduction,

in order, are sections covering: boundary layer theory, de-

scription of the survey sites, the instrumentation used,, data

collection and preliminary analysis, and major results of the

measurement program. At the end of the report are a number of

Appendices which contain summaries of data collected during

the survey.

The chapter on boundary layer theory (Chapter 2) is pre-

sented to establish a basic framework within which the analysis

of the wind data can logically be discussed and the results
:!V evaluated. It is not rigorous, rather it is a condensation of

the information presented in Appendices A and B of the Interim

;. Report. In some cases, however, additional information is pre-

sented. .'ie Interim Report and Chapter 2 in this report are

referenced in sufficient detail to permit diiect access to more

.[ detailed discussions of each point. Those who have a basic

* familiarity with boundary layer theory may wish to bypass this

chapter, using it only as needed to clear up questions which

,; •may arise.

it in the third chapter the measurement sites are describe'l

This chapter, too, is basically a repeat of information contained
,in the Interim Report although the detailed information in the

site descriptions has been expanded. Topographic and street -

maps of Seattle have been included to permit detailed physical

"modeling of the area surrounding the measurement sites. In
addition, the locations of the major buildings in Seattle have

be'en shown and the vertical dimensions of these buildings are

given.
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The instrumentation used in the survey is the subject of

the fourth chapter. This chapter includes brief descriptions

of the instruments used and the arrays in which they were

deployed. The Gill anemometers and the FAA standard cup ane-

mometer and wind vane are described and wind speed measurements

with the two instruments are compared. Problems which pre-

vented the use of sonic anemometers at Lake Union are described.

In addition, the exact locations of instruments within the

arrays are given.

At The fifth chapter contains a discussion of the flow of

information from the survey instruments through preliminary

conmputer analysis. Two separate wind measurement programs

were conducted during the survey; one to obtain climatological

information and the other to obtain detailed information dur-

ing periods of particular interest. These programs are de-

scribed in this chapter. The computer processing of the data

is covered, including the editing for spurious signals, correc-

tions for instrument response and the spectral analysis of the

C data. Other topics covered in Chapter 5 include the computa-

Z. tion of time and length scales and the analysis data on the

spatial characteristics of turbulence.

The results of the meteorological survey are presented

beginning in Chapter 6. This chapter sets the stage for the

detailed discussion to be presented in the following six chap-

ters by covering four topics which can at best be described

as loosely related. These topics are the "Wind Climatology

i of the Survey Period," the "Determination of Atmospheric Sta-

bility," the "Evaluation of the Roughness Length at Lake

J:. Union," and the "Effects of the Length of Observation on Wind

Parameters."

Wind component power spectra observed during the survey

are discussed in Chapter 7. The initial portion of the chapter
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describes the scaling of the frequency axis and variations of

the spectra in the vertical. Composite spectra are shown for

Lake Union and KIXI. These spectra are then compared with

spectra from SEA-TAC. Finally the composite spectra for Lake

Y. Union and KIXI are compared with spectral data obtained in

Melbourne, Australia and with the von Karman spectral models.

In Chapter 8 a spectral model is fit to the urban compos-
ite spectra from the Lake Union Site. The relationships between

I the wind component rms gust velocities and the friction velocity
W are examined as a function of stability for use in converting

the basic spectral model to a form more familiar in aeronaut-

I ical applications. Finally, model parameters are evaluated
I: using the data from both the intensive and climatological mea-

surements.

i iRMS gust velocities, which are parameters of the spectral

models, are examined in detail in Chapter 9. The chapter starts
with a description of the observed gust velocity distributions

and the variation of gust velocities with stability. The vari-

ation of rms gust velocities with height, wind direction and

wind speed is examined in detail. Finally, models are devel-

oped for average rms gust velocities and the distribution of

gust velocities about the average.

Turbulence length scales are the second set of parameters

used in the spectral models developed in Chapter 8. These are

SI discussed in detail in Chapter 10. The organiiation of Chapter

-i 10 closely parallels that of the preceding chapter. The dis-

tributions of the observed values are described first. The

variation of length scales with stability, height, wind direc-

tion and wind speed is then examined and a set of length scale

models is developed. Models are given for averages and the vari-

ation about the average. The average length scale models and



survey length scale data are then compared with previous data

and models. In the last section of Chapter 10 survey turbu-
lence data are used to examine the von Karman and Dryden local

isotropy relationships between the turbulence component length

scales and gust velocities.

In Chapter 11 the discussion shifts from the conventional

analysis of turbulence data at a single point in space to

4 -•analysis of the spatial aspects of turbulence. Space-time

correlations are presented for two intensive measurement peri-

ods at Lake Union. These correlations are interpreted in

b ~terms relative to aircraft flight. The second topic covered

under spatial aspects of turbulence is wind shear. Wind shear

is separated into steady state (mean) and turbulent components.

The components of the vertical shear are then examined .n six

cases at Lake Union. The mean snear and the standard devia-

tion, skewness and kurtosis are given for each of the three
-,T Ik components of the wind vector for vertical separations between

5.7 and 41.3 m.

Chapter 12 returns to considerations of instrumentation.

Concurrent sets of data taken with the FAA standard cup ane-

mometers and the adjacent Gill anemometers are used to evalu-

ate the potential of the cup anemometer as a turbulence sensor.

The spectrum of longitudinal gusts obtained from tle cup shows
a marked attenuation of high frequency gusts. Hlowever, a com-

:A parison between the Gill and cup spectra is used to obtain a
transfer function which can be used to correct the cup spect::a.

Finally, the rms gust velocities and longitudinal component

length scales obtained from the cup are compared with those

obtained from the Gill.

IThe conclusions and results of the study are summarized
in Chapter 13. In this chapter, a brief review of the
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objectives of the measurement program sets the stage for the

summary, and the summary ends with a comparison of results arid

objectives.
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CHAPTER 2

REVIEW OF BOUNDARY LAYER THEORY

Beforp becoming involved with the details of the survey

it is well to review the basic information on the atmospheric

boundary layer although it is acknowledged that this theory

and results derived from it generally do apply a priori in the

urban environment. This section is intended to accomplish

- that purpose through the presentation of information in a num-

ber of rather loosely related areas.

The measurements made during the survey must, initially

at least, be considered within the frame of the climatology

of the measurement period. Generalization to other times and

places can be considered only if the results can be expressed

in terms which are independunt of the specific measurement

period. To establish a basis for discussion of the results

in general terms, the topics in this section will review and

in some cases expand the information contained in the Appen-

dices (A and B) on the atmospheric boundary layer contained in

the Interim Report. Specific topics to be covered include

wind profile theory, the effects of atmospheric stability and

changes in terrain roughness on wind profiles, wind turbulenqe
spectra, and the effects of variations in sampling and data

processing on the results.

.4IND PROFILE THEORY

The modelinj of wind profIles ir the lowest layer of the

*! atmosphere is generally a statement of geometric similarity of

the form

-Il
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(Z) (2-1)
U Z

where is a universal function, and u and z are the character-

V.: istic velocity and length, respectively. Two forms of the uni-

V versal function are common, a power law relationship and a loga-

rithmic relationship. The logarithmic function is better

supported by theory.

In the surface boundary layer, which can be considered to

be the lowest 100 m of the atmosphere for aeronautical engineer-

ing purposes, a balance of forces can be assumed between the

frictional drag at the surface, xo, and the turbulent eddy

stress above, -Pulw'. Equating these gives a definition of a

characteristic velocity

U U (2-2)

-Under normal circumstances u, is considered to be constant in

this layer. Assuming that the wind shear, 34/z# has the form

~U (2-3)

loads directly to the 1kgarithmic profile,

where . is a proportionality constant (von Karman's) and z z

is a characteristic height determined by extrapolation of the

wind profile to the height at which the wind speed would go to

zero. The characteristic length, z o , is related to the size

of the surface roughness elements and therefore called the
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roughness length. The preferred value for von Karman's con-

stant for use in atmospheric computations is 0.35 (Businger

et al., 1971).

The relationship expressed in Equation (2-4) is strictly

applicable at heights considerably larger than the roughness

length (perhaps z/z0 > 10) over flat, homogeneous terrain of

uniform roughness during conditions of neutral atmospheric

stability. The foregoing conditions are not found in the

urban environment with any reguiarity. It is therefore neces-

Its sary to consider the effects of deviations from these condi-

tions, particularly the variation with respect to stability

and roughness changes.

EFFECTS OF ATMOSPHERIC STABILITY

In general the atmosphere is not in a neutraliy stuatified

state, but is either stably or unstably stratified. Under

- these tonditions it is necessary to consider the effects of

buoyancy i formulation of wind profile models. The currently

acepted basis for modeling in the diabatic atmosphere is

tUonin-Obukhov similarity theory (Obuknov, 1971), In this the-

* ory, all heights should be nondimensionalized using the Monin-

Obukhov length, L, which is a measure of atmospheric stability.

L is positive foe stable, aegative for unstable, and infinite

for neutral atmospheres. It is then hypothesized that wind

. profiles and turbulhnce chardcteristics, when suitably non-

dimensionalized, are universal functions of the nondimensional

height, zaL. In general. two relationships are needed for each

profile or characteristic, one for stable conditions and the

other for unstable.

To develop wtnd profile models for the stable and unstable

cases the differential equation leading to the leqartithivic

I



profile in neutral conditions is rewritten

---- = (2-5)

where Pm is called the nondimensional shear. As a result of

the dual formulation required to specif' %M in both stable and

unstable conditions, two mathematical models are required for

the wind profile. Interpretation of the signifia,.e of the

magnitude of m is straightforward. Using the neutral case

= ) as a base, during unstable conditions is less than

1 and the wind speed increases relatively less rapidly with

height. During stable conditions is greater than 1 and the

wind speed increases relatively more rapidly with height. The

effect of the change of stability on , and the resultant effectJm
* on wind profiles is illustrated in Figure 1. Data taken over

flat terrain with small roughness elements show extremely good

agreement with wind profile models developed in this fashion.

At this point a note is warranted on a quirk of meteoro-

*logical practice. In Figure 1 it will bo- observcci that height-
is plotted oi the ordinate although it is obviously the indepen-

dent variable. Thiis is done with some reularity to present a

bett r visualization of the variation of a quantity 'n sp' ace.

Care must be taketi when relating equations to figures iden-

tify which axes reprc sent the dependent and independent vari-
! -* able.

EFVIECTS OF A CHIANGE~ IN SURFACE ROUGHN1ESS

1 At typical urban W/iSTOL port sites the condition of uni-

formly spaced, small rOutyhness e-lements will be seriously

violated. The ramificati6ns of the departure from this rtondi-

tion have ben studied in some detail for simple changes in'Ti
-14- '
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roughness under neutral corditions (e.g., Bradley, 1968, Taylor,

1969a, 1969b, and Peterson, 1969). Only recently has investi-

gation begun on the effects of change of roughness in non-neutral

atmospheres.

The simple two-dimensional case is illustrated in Figure 2.

j In this figure, with the wind blowing from left to right, the

surface roughness elements change in size from large to small

at x To the left of this point the wind is in equilibrium

with the roughness created by the large surface elements. To

the right of this point 3 different wind regimes are found.

The wind in the sector labeled A remains unchanged although

there has been a change in surface roughness. The wind in

region C, called the internal boundary layer, is fully adjusted

to the new surface roughness; the effects of the previous rough-

ness have been completely lost. Finally, the wind in region B

is in a state of transition. The demarcation between the un-

changed flow and the transition region is termed the interface,

H. In summarizing the literature on the boundary layer, Pasquill

(1972) gives the following relationship for the growth of the
interface:

i x0.8
H x (2-6)

The thickness of the internal boundary layer is given as H/30.

Figure 2 has been drawn to indicate a rough to smooth

transition because that is the transition which is most perti-

nent to V/STOL port siting problems. The oppusite transition,

v while of lesser importance to V/STOL port siting and potential

effects on aircraft, is nevertheless an important transition

which must be considered in evaluating meteorological measure-

ments. Specifically, at the Lake Union site winds from North

through South to Southwest make a rough to smooth transition

2.. . ...
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prior to measurement. Winds from the Southwest through North-

I west will make a smooth to rough transition. If wind measure-
~.w. ments characteristic of the original surface are desired rather

than those of the actual underlying surface, then the instru-

ments must be placed well above the internal boundary layer.

The following table (Pasquill, 1972) gives estimates of

the interface height as a function of roughness length of the

rougher surface, stability and distance from the roughness

change.

TABLE 1. ESTIMATED INTERFACE HEIGHT IN METERS AS A
FUNCTION OF STABILITY, ROUGHNESS LENGTH AND

ii DISTANCE FROM A CHANGE OF ROUGHNESS

Roughness Downwind Distance
I Sabli Length 100 in (300 ft)10 n(0 ft

Stable 0.03 4 18
*1.00 7 28

Neutral 0.03 10 74(11.00 23 130
IUnstable 0.03 22 230

* r1.00 44 370

I The values for a roughnest; length of 0.03 mi might be applicable
-to flow across Lake Union prior to reaching the meoasurement sit04

and those for a 1 m roughness length are appropriate for wind
"I from other directions. These values are supplied only to indi-

9 1 cate the typical magnitudes of the interface height under the

simiple conditions used in the illustration. The actual condi-
jtions at Lake Union are considerably more complex. In addition

to a change of roughness there is a simultaneous change in the

thermal characteristics of the surface.
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In the same paper Pasquill considered a companion problem

to that of the effect of a change of surface roughness. That

problem is the identification of the area on the surface which
has the dominant influence on the wind measurements at a point.

Using a rather simple approach, he estimates that this region

of maximum influence is approximately an elliptically shaped

area located upwind of the measurement point. The horizontal

4 distance to the center of the area (X) and the magnitudes of

ii ~ the alongwind and crosswind axes (a and b, respectively) of

* [ ~ the ellipse are dependent upon the height of measurement (h)

and atmospheric stability. The relationship between these

~d

parameters is illustrated in Figure 3, and relevant values

for the parameters for an instrument at a height of 50 m are

given in Table 2. The values in the table indicate that the

region of influence approaches the measurement point as the

.. atmospheric stability decreases# as expected from the change

of roughness discussion. Again application of actual magni-

tudes to the survey me masurements is questionable. Rather,

the hypothesized trends are significant in that they may pro-

vide an explanation of the actual observations.

H TABLE 2. PARAM4ETERS DEFINING THE POSITION AND
SHAPE OF THlE SURFACE AREA HAVING DOMINANT
Ii4FLUENCE ON A POINT WIND MEASUREMENT

Distance From
Point To Center Alongwind Crosswind

Stability of Area Axis Axis
I sin (gai at o

tteeeStable 1s 25 0.1

Neutral 0.9 1.2 0.2

Unstable 0.2 0.3 3.4

"I-19
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BOUNDARY LAYER TURBULENCE

As most of the remainder of this report deals with atmo-

spheric turbulence, it is appropriate to present a short review

of the material on turbulence and spectra contained in the
Interim Report. Wind flow within the boundary layer is divided

into mean and fluctuating parts. Thus,

u(t) =u + u'(t) (2-7)

where u(t) is the wind speed in the direction of the mean wind

at time, t, a is the mean wind and u' (t) is the instantaneous
i departure from the mean wind at time t. By convention, the

meteorological coordinate system is aligned with the mean wind
17 direction so that the mean crosswind component, v, is zero by

definition. Similarly, the mean vertical compoi.ent of theI wind, w, is in general not significantly different from zero.

As a result the instantaneous wind vector can be described by

4 quantities, up 11, v' and w'. The variation of the mean
4wind speed with heijht has previously been covered. The follow-

ing discussion will be concerned with the description of the

4 fluctuations.

The total ene.igy associated with the turbulent fluctua-

tions in the atmosphere is proportional to the sum of the vari-
ances of ul, v1, and w'. It is a portion of this turbulent
kinetic energy which is capable of disrupting aircraft opera-
tions. Rather than examine the total turbulent kinetic energy,

it is ommon to treat individual components. That is, the

variances of ul, v' and w', designated a 2 O , and a

respectively, are treated separately. In addition, it ism >i~inecessar'y to treat the covariance between the u' and w' fiue-

tuations. The U V and rQr covariances are small compared toj - and are assumed to be zero.

-21-
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I.: Turbulence is generally visualized as consisting of an

assortment of eddies covering a wide range of sizes. Since

aircraft response is a function of the frequency with which

gusts are imposed, it is necessary to describe the distribution

of turbulent energy among the various eddy sizes in addition

to describing the total turbulent energy content for each com-

ponent. The mathematical technique used to provide this energy

distribution is spectral analysis.

Typical boundary layer turbulence spectra are frequency
Ii spectra computed by analysis of a time series of wind data col-

lected at a fixed point in space. The individual component

power spectra S (n), where n is frequency, are Fourier trans-

forms of the autocorrelation function of time scies. The

1 transformation from the frequency domain in which the turbu-

lence measurements are made to thp wave number (k = 2nn/u) domain

*l ,for aeronautical applications is made using Taylor's hypothesis
P as extended. (For detailed discussion of this point see Elderkin

1i: et al., 1972.) Under these assumptions the spatial and temporal

autocorrelations are identical when the spatial separation in

the direction of the mean wind is equal to the product of the

time delay and mean wind speed. Equivalence of the autocorrela-

tion functions under these assumptions immediately leads to

A equivalence of the spectra.

In the atmospheric turbulence literature, spectra most fre-

quently appear multiplied by the frequency or wave number (i.e.,

nS (n) or kS (k)), and are displayed on logarithmic plots. These
Y Y

S.logarithmic spectra integrate into the variance according to

.4 

() dS(k) d (2-8)
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Presented in this form the spectra have a maximum in the inte-

rior of the frequency or wave-number domain which can be used

for modeling.

It should be noted at this time that the spectral models

most frequently used in aeronautical application, i.e., the

Dryden and von Karman spectra, are formally defined over both

positive and negative values of frequency or wave number. To

arrive at the variance for any component, they must be inte-

grated from -- to -.

The autocorrelation functions from which the spectra are

defined deserve some attention at this time. They are even
functions by definition. The autocorrelation at zero time lag

is equal to 1; for time lags other than zero they have an

absolute value less than 1, An integral time scale for the

autocorrelation is defined by

f R (t) dt (2-9)Y Y
0

where x is the time scale, R(t) is the autocorrelation func-y

tion and t is the time lag. However, if a particular time

series is not sttionary, i.e., if a trend exists in the data,
!-3, the integral in Equation (2-9) may not converge and as a result

the time scale will not exist.

Length scales, L, way be defined in the direction of the

mean wind if Taylor's hypothesis is assumed.

* t L RY (t) (210

~iI

Y
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Integral length scales (not necessarily those defined

above), when used in conjunction with component variance,

serve to fully define the von Karman and Dryden spectra. In

- these models the integral length scale is used to distribute

the turbulent energy between frequencies of wave numbers, i.e.,

it positions the spectrum in the frequency or wave-number
~domain.

The shapes of atmospheric spectra, the von Karman spectral

model, and the Dryden spectral model were compared in the Inter-

im Report. Reviewing the results, both the atmospheric and

von Karman frequency-multiplied spectra are characterized by

!Ij +1 and -2/3 power law relationships in the low and high fre-

quency regions, respectively. The primary qualitative differ-

ence between these spectra is the transition between the two

regions. The atmospheric spectra show a wore gradual transi-

tion. The frequency-multiplied Dryden logarithmic power

spectra show the +1 slope in the low frequency region, but do

not exhibit the -2/3 slope at high frequencies. Rather, in

this region they have a -1 slope. As a result of this defi-

ciency, Dryden spectra are not considered in detail. When

>11 observed spectra computed from survey measurements are compared

with existing spectral models, the von Karman spectra will be

used.

4. 1 -24-
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CHAPTER 3

SITE DESCRIPTION

Seattle, Washington, the major urban center of the Pacific

Northwest, is located on Puget Sound between the Olympic and

Cascade Mountain Ranges. The climate of the region is typical

of middle-latitude west coast locations, although the air flow

and precipitation are modified somewhat by mountains. The air

in the region is predominantly maritime, arriving after an

extensive trajectory over the Pacific Ocean approximately 100

miles to the west. The Cascade Mountain Range to the east is

an effective barrier which protects the region from more severe

continental air.

The prevailing winds throughout the year are from the

south to southwest with only September showing a prevailing
wind from another sector (north). The strongest winds occur

during the fall and winter, and are associated with storms
passing to the north. Occasionally, a storm will pass to the

south of the region resulting in relatively strong northerly

winds. On in annual basis, the average wind speed at the
Seattle-Tacoma airport is reportad as 4.2 m/s (9.4. mph). The

maximum monthly average speed is 4.6 m/s (10.4 mph) in January

and the minimum 3.6 m/s (8.1 mph) in August.

storms passing through the region are most vigorous during
the fall and winter months. Storms are twice as frequent dur-

ing the winter months with an average of about 7 frontal pas-
sages per month from October through February compared with

less than 3 per month during July and August.

Precipitation in the Seattle-Tacoma area is associated
with storms moving through the region and areas of low pressure.

-25-
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Approximately 75 percent of the precipitation, primarily rain,

falls between October and March, with the maximum in December.

The driest months are July and August. Snowfall is extremely

variable from year to year, often melting before a measureable

amount can be accumulated. Thunderstorms -re not sufficiently

numerous to contribute materially to the precipitation total.

The city of Seattle, which has a population of 650,000,

is the business and industrial center of the Puget Sound region

which has a population of about 2.0 million. As a result, the

central business district has developed a sk~yline which is

typical of large cities in that it is dominated by large build-

ings. During the survey there were approximately 20 buildings

within 1/2 mile of the ceater of the business district which

exceeded 20 stories. of these buildings, most were built in

the last 15 years and about half in the last 5 years.

Topographically the central business district is bordered

to the southwest by Elliot Ba~y, to the east by Capitol Hll,

and to the north by Queen Anne Hill and Lake Union. This

arrangement is shown in F'igure 4. The effect of this topog-

raphy on local climatol.ogy is to give prevailing air flow over

the city a more southerly orientation than genrally experienced

in the region. Survey measurement sites were selected to take

advatag of this channelization. A location on the shoreline
of Lake Union was selected as the primakry data collection site.

Xt is labeled Survey Sito in F'igure 4. A scond mieasuronient
site was located on a building in. the central business district.

The black aquare identified as 1II i'n Figure. 4 shows this site.
F'inally, a site at the Seattle'-Tacoma Airport about 12 mi~es

south of KIXI was selected for measi-ements to provide refer-

once data for comparisons between: the urban environment and a.

conventional airport environment.

-26-



Nd

-1 0
0 0

UNIO
110D

44

00

SIE

WIL

MII

.* 4



LAKE UNION

The Lake Union Site is on the southeast shoreline of Lake

Union. It is located approximately 1.4 miles directly north
of the center of the business district. Predominantly low

T. buildings (3 - 5 stories) occupy an area between the site and

the built-up region. This area extends about 1 mile south

from the site.

To the west of the site, Lake Union provides a 0.6 mile

--: smooth surface upwind fetch for air draining off Queen Anne

Hill. This hill acted as an effective barrier against westerly
4. winds greater than 5 m/s (l mph). To the northwest of the

site, Lake Union provided a smooth upwind fetch of more than

1 mile and provided zi contrast in surface roughness to the

fully rough surface of the built-up urban area to the south.

To the east, Capit'o Hill provided a barrier which prevented

significant easterly winds from occurring at the site. The

easterly winds which did occur werc nighttime drainage winds,

generally IL-ss than 3 /s (7 mph). Queen Aine Hill, Capitol

Hill, and the hill on tle north end of Lake Union are all pri-

maily residential areas.

The Lake Union Site was a relatively flat lot about 183 m

(600 ft) in length. The lot's width was 50 i (165 ft) at the

} j narrowest point (southwest end) and 73 m (240 ft) at the widest

p oin.t (near the northeast ond). It sloped to the south so

that the southwest end of the site was approximately 0.6 m

A2 it) lower than the northeast end. Thle average elevation of
the site was 2 m (7 ft) above tha level of the lake which is

nominally 2.7 m (9 ft) above sea level.

, Surface roughness was due to low vegtati.n and a neigh-
ti 4o tl lt a
boring business. During the meaturemant period, the site was

V29-
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covered with grasses and weeds which grew to a height of

approximately 1 m (3 ft) during the summer. A boat repair
facility, located on the adjoining lot to the south, kept

several boats moored alolug the southern 30 m (100 ft) of
the west edge of the property during the survey. The super-

structures of these boats extended to approximately 10 m

(30 ft). Under prevailing wind conditions these boats vere

not a significant factor in generation of the turbulence

measured at the site.

Figure 5 shows a view of the Lake Union Site and the

upwind fetch to the northwest. The site itself is the grass

covered field at the bottom of the picture. It is felt that

lthe Lake Union Site is typical of sites which might realis-

tically be cnsidered for ground-level V/STIOL ports. The
distance to the urban center is sufficiently small to per-

mit high speed commuter transit and yet is sufficiently

large that buildings in the urban area would not pose seri-
ous threats as obstacles. The buildings close to the site

are also felt to be typical of those which might be fuund

near V/STOL port sites.

KIXI

The KIXI Site was choosen to provide wind and turbulence

measurements which would be representative of conditions
which might exist at typical elevated VTOL ports. Measure-

I ments -were made at the 6.7 and 25 m (22 and 82 ft) levels

of the transmitter tower of Radio Sta'ion KIXI located on

the roof of the Towt. 801 Apartments on the northern edge

of the built-up area of the Seattle central business dis-
trict. The base of the tower is 70.4 m (231 ft) above ground
level and approximately 110 m (367 ft) above the Lake Union
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Site. The location of this site with respect to the Lake

Union Site is shown in Figure 4.

The Tower 801 Apartment Building on which the KIXI trans-

mitter tower is located is basically a cylindrical building,

29.2 m (95.8 ft) in diameter. The main building roof is 64.3

m (211 ft) above ground level and 107 in (351 ft) above sea
level. It is surrounded by a parapet approximately 0.9 m

(3 ft) in height. A machinery room with a diameter of 10 m

(31 ft) is located in the center of the roof. The roof of

the machinery room is about 6.1 m (20 ft) above the main roof

and is surrounded by a 0.9 m (3 ft) parapet. The base of the

KIXI tower was located at the center of this roof. The upper

portion of the Tower 801 Apartments and the KIXI tower are

i shown in Figure 6.

To the south, the direction from which the prevailing

wids blow, lies the built-up area of the central business

district. Figure 7 shows a street map of the region. Included

on this figure are the locations of the major buildings. Of

the 18 buildings greater than 20 stories shown in the figure,

15 are directly to the south at distances ranging from 350 to

1200 m (1200 -4000 ft). The vertical dimensions of these

buildings are listed in Table 3. (Detailed descriptions of

these buildings are available from City ol Seattle, Department

of Buildings, 503 Seattle Municipal Building, Seattle, WA,

98104.) Several of these buildings extend above the heights

of uteasurement at the KIX1 Site. Thus it is expected that

they 1 ve contributed significantly to thQ turbulenco measured

during sout herly winds.

To the west and north of the KIXI Site the building tops

are considerably lower than the instruments. As a result com-

parison of turbulence during periods in which winds wore from

I -31-
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TABLE 3. VERTICAL DIMENSIONS OF MAJOR BUILDINGS OF THESEATTLE CENTRAL BUSINESS DISTRICT

Height
ID. No. Building Stories AGL Year

(ft)
1 Royal Crest 26 230 1973

I2 Washington Plaza 40 397 1969

33 Plaza 600 20 270 1969

4 Peoples National Bank 20 266 1971

~,5 Washington Building 21 289 1960
6 Washington Athletic Club 22 232 1930
7 Seattle Hilton 25 260 1971
8 Seattle Tower 27 272 1929

9 The Financial Center* 37 487 .1973
PP10 IBN Building 23 272 1963

11 Park Place 21 310 1959

12 Royal Manor 21 181. 1971

1 .13 Seattle First National Bank 50 609 19'69
14 Bank of California 42 536 1973

15 Exchange building 23 275 1929
16 Norton Building 21 310 1959

* .~17 Pacific Building 22 298 1969

18 Smith Tower 42 500 1914

The Financial Center did not reach sufficient height during.4. .the survey to be a significant factor.

these directions with turbulence during southerly winds pro-

vides a direct estim~ate of the effects of the complex of large
buildings in the center of the business district. The lower
buildings on the rising terrain to the east provided an inter-
m~ediate surface roughness condition for the generation of tur-

bulenco. However, the lack of strong easterly winds limited

$ -34-
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the usefulness of this condition. Views of the upwind surface

conditions are shown for winds from the south in Figure 8,

while those for northerly winds are shown in Figure 9.

SEA-TAC

To provide concurrent measurements at a conventional air-

port, a survey site was established 450 m (1500 ft) west of

the parallel runways on flat terrain near the south end of the

Seattle-Tacoma Airport. The flat terrain extends more than

1.5 km in the sector from NNE through SSE except for a small

mound about 3 m (10 ft) high which parallels the runways about

150 m (480 ft) east of the site. Winds coming from this sec-

tor should be typical of those experienced by landing aircraft

when the wind is aligned with the runway. To the north of the

site a small rise is covered with trees extending to about 8 m

(26 ft). Beyond this rise the terrain drops rather abruptly,

15 :- 20 m, thus the terrain to the north is relatively rough.

Finally, in the sector from SSE through WNW the terrain is flat

for approximately 300 m (100 ft) prior to dropping smoothly

to a highway about 500 ui (1600 ft) from the site. The drop is

I approximately 15 mn (50 ft). The SEA-TAC measurement site is
I shown in Figure 10.

On a somewhat larger scale the airport is located atop a -

110 m (360 ft) ridge separating Puget Sound and the Green River

Valley. In the vicinity of the airport this ridge is approxi-

mately B- uit (5 miles) wide.

1 -35-
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CHAPTER 4

SURVEY INSTRUMENTATION

Having completed the description of the survey sites and

haigreviewed basic boundary layer theory, the remaining

topic to be covered prior to discussion of the data analysis

andresltsis the survey instrumentation. The instrument

sysem sedin the survey is an extension and modification of

the system used by Elekne l 17,1972) i Tk-f

and Landing Critical Atmospheric Turbulence" (TOLCAT) research

conducted for the United States Air Force. To this basic

system has been added instrumentation purchased by the FAA and
Battelle-owned instrumentation. Each of the instruments in

the system, the towers used to support the instrumentation#

the tower arrays, and the positions of the instruments in the

arrays are described in this section. In the ensuing discus-

sion the greatest emphasis is given to wind instrumentation,

since wind and turbulence are the subjects of most interest.

other instrumeonts are discussed in lesser detail to indicate
information available.

WIND INSTRUMENTATION

'4 1The primary wind instruments used during the survey were

three-dimensional Gill anemometers (11. t4. Young Company, Model

27002). These instrument have freqetybe ue str

bulence instruments and their response characteristics and
errors are reasonably well understood. To provide a tie to

the wind instrumentation currently in use at airports, a cup

anemometer and wind vane ftScience Associates No. 424), fabri-

cated to the National Weather Service Spec. No. 450.6150, werej installed at the lowest w~easuremezit level at each site.

-39-
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Provisions were made for the installation of sonic anemometers

at the Lake Union Site although they were not operated success-

fully.

Gill Anemometer

The Gill anemometer consists of three, 23 cm (9 in.) diam-

4 eter helicoid propellers mounted on orthogonal 40 cm (16 in.)

shafts which drive small, low-torque d.c. tachometer genera-

tors. The basic components of a single arm of this array are

described by Holmes et al. (1964). When in use in this instru-

b: ment, the arms were attached to a mounting arm and lower

- housing assembly to give the instrument an overall height of

1.07 m (3.5 ft).

The output of a propeller-generator assetably is linearly

related to the component of the wind parallel to the shaft for
wind velocities above about I m/s. At wind velocities below

1 in/s. internal friction tends to increase the slippage of the

propeller and results in a non-linear response as wind velocity

is reduced to a threshold velocity of 25 cm/sec (flicks, 19721).

When the actual wind vector is not parallel to th ptopellor

shaft, the output of the generator uhould be proportional to

the product of the magnitude of the vector and the cosine, of

the angle between the vector and the shaft. :The Gill atwnim-

I .tor does not follow this cosine response exactly, as shown in
the manufacturer's literature and by Holmes et al, and others.'

The nature of this error and its correction are described by

Drinkow (1972), lorst (1972). and Hicks (1972). Orinkow and

-lorst both give a single set of correction factors to be

j applied at all wind speeds while Hicks gives correction factors

p as a function of wind speed.

-40-



In the survey measurements, each arm of the Gill anemon-

*eters was fitted with a 9 cm (2.7 in.) shaft extension on the
side of the propeller opposite the st~aft. These extensions

are designed to improve the symmetry of the anemometer response.

jHicks (1972) shows that they do, in fact, significantly improve
the response characteristic of a component anemometer when the

*wind vector is nearly perpendicular to the anemometer shaft.

I To a reasonable degree of accuracy the propeller anemom-

eter dynamic response to fluctuating wind speeds is defined by

a distance constant. The manufacturer's specifications give

I I the distance constant of the Gill aneinoimeter as 0.94 m (0.1

ft), a value which is generally supported by Hicks (1972).
Dota presented by Hicks and by Camp et al. (197G) show that

L.he distance constant is a function of the angle between th(.-
wind vector and the axis of rotation (see Hicks for correct

interpretation of the data), increasing as the angle approaches

90 degrees. This distance corstant can be interpreted as the

amount of air passage (in meters) required for a 62 percent

anemometer responso to a step charge in wind speed. Duchon
et al. i!972) and Fichtl and Runmar (1974) presont rigorous

discussions of the dynamic response of the Gill anetmometer
which go beyond the usual first-order assumption in which the

Irespat8,: Is characterized by a distance constant.

The lower housing on the mounting arm~ contains a small

VIA ~ contihuous-duty a.c. blower used to imitain positive pressure
differential between the interior of the instrument and thas

atwtsphare. This pressure differential is intended to pre-

v ent lust and precipitation from fouling the anemomneter bear-

ings. The mounting arms on several anemometers wore modified
to nclde sall aspirated shield for a temperatur sensor.

on these, the lower housing contained a second blower used

for aspiration. IElderkin at al. (1971) reported that operation.
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of these blowers resulted in an induced 60 Hz noise signal in

their data. This did not appear to create problems in the sur-

vey data, perhaps due Lo the less frequent sampling of the sig-
,I~i::nals.

CoCustom electronics packages were prepared for use with

the Gill anemometers in the survey. These packages were de-
signed to produce signals ranging linearly from -1 to +1 volt

as the wind component velocity varied between t 22.4 m/s (50

mph) for the horizontal components and ± 11.2 m/s (25 mph) for

the vertical component. The electronics packages were checked

at frequent intervals to maintain their calibration.

The experience with the Gill anemometers during the survey

. "was good. Required maintenance was generally limited to re-
placing a tow propellers and the bearings on several arms. No

repairs were required on the anemometers at SEA-TAC. At RIXI

several propellers pere destroyed in a wind with gusts exceed-

ing 25 n/s. During the same wind the upper anemometer was

dislodged from its proper orientation, damaging the ocientation

ring at the base of the mounting arm. At the Lake Union Site

propeller damage appeared to be caused primarily by birds and

>7 bb's. When propeller damage included the loss of a blade, the

I bearings supporting the shaft wore frequently damaged from the
- uneven load, imposed upon them. On occasiov the loss of a blade

resulted ultimately in a bent shaft as well as damaged boarings.

iloutine inspection of the itstruments oesulted in the replace-

mont of the boarinqa on several arms although there was no s ign

of propeller damage. Only in one instrument. did the deteriora-
I tion of the bearings result in instrument 1>ilur , but that

failure did not result in a data loss.

K, -42-
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Cup Xnemometer and Vane

4 . The cup anemometer and vane were installed at the lowest
measurement level at each site to provide a comparison betweenif the sensitive Gill anemometers and wind instruments currently

in use at airports. The cup and vane are of much more rugged

construction than the Gills and as a result do not respond

rapidly to fluctuations in the wind. In addition they have

significantly higher response thresholds.

Threshold values were not furnished by the manufacturer

of the cup and vane but appeared to be of the order of 1 m/s

(2.3 mph) with the cup's threshold slightly lower than the

vane's. The signal generated by the cup anemometer was lin-

early related to wind speed for speeds above 2.5 m/s (5.6 mph).

I Figure 11 shows a comparison of mean wind speeds measured by

the cup and Gi..l anemometers. At low wind speeds the speed

measured by tho Gill tends to be larger than that by the cup

due to the hioher threshold of the cup; at high wind speeds

the cup tends toward higher wind speeds than the Gill. This

behavior is expected on the basis of the dynamic response of

cup anemometers to turbulence and is termed anemometer over-

run.

Anemometer overrun is the result of several souroes of

error in wind speed measurements. Some of the errors are dis-

cussed by MacCready (1966), Hyson (1972), Bernstein (1967i and

Izumi and Barad (1970). Based on these works it is evident

that the errors are more significant for cup anemometers than

propeller anemometers and that the errors increase with the

level of turbulence.

A signal conditioning package was prepared for the cup .,

anemometers to give a linear output of 0 to 1 volt between

-43-
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j speeds of 0 and 44.7 rn/s (100 mph). The signal generated
by the vane varied between t 1 volt as the direction varied

between north and south. It was possible using the vane sig-

nals to determine the angular deviation of the wind from north

or south, but it was not possible to determine the sign of the

deviation. As a result the recorded signals from the vane areft iiambiguous. Additional information such as the sign of the
* V signal of the east-west component of the wind from Gill

* I anemometers is needed to resolve this ambiguity. It should be
noted that the technique used to generate the signal in the

vane was not intended to provide a signal for a recorder but

rather it was designed for an indicator.I The cup anemometers and vanes performed well during the
survey.

Soi-iic Anemiometers

The instrument array at Lake Union included provisions
for the .installation,of sonic anemometers. However, efforts
to operate these anemometers in the array were unsuccessful.
on several occasions sonics which had been operated success- -

fully at Hanford failed to operate at the Lake Union Site. In
each cases the anemometers were operated successfully on return

'J to Hanford without repair. It is felt that the noisy signals
which madc-e the anemometers unusable at Lake Union wero caused
by electromagnetic fields in the urban area.

TEMPERATUREi INSTRUMENTATI ON

A Temperature moasurements were made at each level at the
three survey sites using Load thermistors (YSX Composite 44018)
mounted in asntrated shields attached to the Gill anemometer

mounting arms. These thr'rmistors have nominal time cons-tants
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of 10 sec in still air and 1 sec in well-stirred oil. In the

free atmosphere with a wind speed of 2-3 rn/s, the average time

constant for 4 sensors was experimentally determined to be

about 5 sec with a range of 4.7 to 5.6 sec. The time constant

of these sensors when mounted in their temperature shields was

I found to be considerably longer.

The temperature system electronics packages were designed

i to provide a temperature resolution to l/36*C. The systerm cal-

ibrations showed that for large temperature changes the output

I signal changed by 36 mV/OC as designed. However, repeated cal-

ibrations and initial data analysis showed the system to be

electronically unstable. As a result, temperatures could not

be determined with sufficient accuracy for use in either heat

flux or profile measurements.

SUPPORTING METEOROLOGICAL MEASUREMENTS

Supporting meteorological measurements were made at Lake

Union to provide the type data that might typically be available

in climatological records. These measurements included temper-

ature, pressuree relative humidity, prcocipitation, solar radi-

ation, and visibility. A ceiloiueter was installed but did not

provide any usable data.

Temperature, pressure and relative humidity measurements

* were made using arneteorgraph (WeatherMeasure Corporation M70l)
installed in a standard instrument shelter near the north and

of the site., The temperature and pressure measurements recorded'
by thf z rumne nt compare favorably with independent measure-
mepts. The recorded relative. humidities:, how~ever, do 'not agree

with values determined usisiq a sling psychrometer. The dif fer-

en es be~twoen the recorded and a~u1v4 eeCosiet

T ~so that a 'ealibration curve ~ould be-used to corzect the recorded



values. The accuracy of the corrected values is approximately

± 2 or 3 percent in the range 30 -80 percent relative humid-

ity.

Precipitation measurements were made using a heated,

tipping-bucket rain gage (WeatherMeasure Corporation P511E)
mounted on the roof of the instrument shelter. Signals from
the gage were relayed to a remote event recorder (not a Weath-

erMeasure product). The rain gage worked properly throughout

the measurement period.

Two pyranometers (Epply Models 8-48 and 8-48A) were in-

stalled on a 10 m mast near the instrument shelter. The two

solarimeters had protective domes with different energy trans-

mission characteristics, one (8-48A) was quartz and the other

(8-48) was pyrex glass. Signals from these instruments were

recorded alternately for 30 sec intervals on a single analog

strip chart.

A National Bureau of Standards type transmissometer,

received on loan from the U.S. Air Force, was installed at

the site. Due to space limitations and the necessity tn have

a clear path between the transm'itter and receiver, the base

line was reduced to 122 m (400 ft).

The instruments for the supporting meteorological measure-

ments were scheduled for routine servicing on a weekly basis.

The servicing included cleaning of the devices as well as

changing strip charts. More frequent servicing was generally

needed, however, since the strip chart recorders tended to be

unreliable. As a result there are significant gaps in the pre-

cipitation, solar radiation, and visibility data.
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The data from supporting meteorological measurements have

in general not been reduced to usable format.

INSTRUMENT ARRAYS

The wind instruments at Lake Union were mounted in a three-

dimensibnal array using 8 towers arranged in two lines. The

relative positioning of the towers is shown in Figure 12. Ori-

entation of the longer line of towers was approximately 034 -

214 *T, and the shorter line was perpendicular to the long line.

Open-lattice work, crank-up towers with a triangular cross-

section were used. Towers 3, 6 and 7 were 61 m (200 ft) towers

which were extended to approximately 50 m (164 ft) in height.

The remaining towers were 30 m (100 ft) towers extended to

about 25 m (80 ft). The lowest sections were 0.61 and 0.47 m

V, (2.0 and 1.5 ft) on a side for the 61 and 30 m towers, respec-

Tv tively. Dimensions of the upper sections decreased progres-

sively.

Gill anemometers, modified to include temperature sensors

were installed at 4 levels on the profile tower (tower 7).

Nominally the levels of measurement were 7, 13, 25 and 48 m.

In addition, the cup anemometer and wind vane were installed

at the 7 m level. To reduce the tower effects on the wind and

j. turbulence measurements, the instruments were mounted on instru-

ment booms extending 1.5 m from the tower. Unmodified Gill

anemometers were mounted on 1.5 m instrument booms at the 25

and 48 m levels of towers 3 and 6. Finally# unmodified Gill

anemometers were mounted at the top of the remaining towers.

The location of each of the towers and instruments rela-

tive to the intersection of the tower lines are given in Table

4. In the table all distances are given in meters along the

lines of towers, with x positive to the NE (0340) and y positive
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TABLE 4. POSITION OF TOWERS AND INSTRUMENTS AT 
THE SURVEY

SITES

Position

Site Tower Instrument x

Lake Union 1 Base -79.9 0 - 0.7
Le Gill -79.9 0 25.0

2 Base -20.2 0 + 0.1
Gill -20.2 0 25.2

3 Base 10.0 0 + 0.1

Gill 8.8 + 1.0 25.2

Gill 8.8 + 1.0 48.1

4 Base 20.3 0 - 0.1

Gill 20.3 0 25.1

5 Base 0 -11.6 0

Gill 0 -11.6 25.0

£ Base 0 - 5.7 0

Gill -1.5 - 5.3 25.3
Gill - 1.5 - 5.3 48.0

7 Base 0 + 5.8 + 0.2

Gill, Temp - 0.8 + 4.5 6.9

Cup - 0.4 + 3.8 6.9

Vane - 1.0 + 5.2 6.9

Gill, Temp - 0.8 + 4.5 12.6*

Gill, Temp - 0.8 + 4.5 24.8
Gill, Temp - 0.8 + 4.5 48.2

8 Base 0 +11.7 + 0.1

Gill 0 +11.7 24.8

SEA-TAC 1 Base 0 0 0
Gill, Temp - 1.5 0 7.1
Cup - 0.5 - 0.8 7.1

Vane - 1.5 + 0.8 7.1

Gill* Temp 0 0 27.5

2 Base 0 -21.3 + 0.2

Gill 0 -21.3 27.6

"xx iBase 0 0 0

Gill, Temp - 1.1 + 1.1 6.7up - 0.5 + 1.6 6.7

Vane - 1.6 + 0.5 6.7

Gill, Temp -+ 1.1 25.0

*17.1 prior to August 22, 1973.
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toward the NW (3260). The reference plane for the vertical

measurements passed through the bases of towers 5 and 6 andIwas approximately 2.0 m above the level of Lake Union. For

the Gill anemometers, the position given is the position of

the intersection of the u, v, and w component arms.

All Gill anemometers were oriented with the u-component

arm to the south and the v arm toward the east. During in-
stallation each anemometer was checked using an electrolytic

level to ensure that the w arm was vertical. This check was

repeated periodically throughout the measurement period.

At KIXI, Gill anemometers were installed at approximately

the 7 and 25 m levels of the transmitter tower. This tower
is a triangular tower 0.4 m on a side and is of open lattice

constuction. A cup anemometer and vane were installed at the
lower level. All instruments were mounted on 1.5 m instru-

ment booms and oriented in the same direction as those at Lake

Union. Exact instrument positions are given in Table 4. The
* reference position for the instrument locatons at KIXI is the

base of the tower, 70.4 m above ground (11:4 msl), and hori-

. {zontal distances are positive north and west for x and y,

respectively.

I Two 30 m towers, similar to those at Lake Unio. and sepa-

rated by 21 m were erected on a line perpendicular to the

I parallel runways at the Seattle-Tacoma Airport. On the western

tower temperature-modified Gill anemometers were installed at
7.1 and 27.5 m. The lower level instruments were mounted on

a 1.5 m instrument boom and the upper ones on the top of the

tower. A cup anemometer and vane were also installed at the

lower level. An unmodified Gill anemometer was installed on

the top of the other tower. Instrument orientation was as
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before. The relative position of the towers and instruments

are given in Table 4. The x-distance is positive to the north

and y positive to the west.

ii -
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CHAPTER 5

DATA COLLECTION AND ANALYSIS

Chapters 3 and 4 have described the physical setting in

which the survey measurements were made and the instrumenta-

tion used for the measurements, respectively, while Chapter 2

established the framework for the analysis of the data. In

this chapter the processing of the information generated by

the instruments will be discussed. In the first part of the

chapter the signals generated by the wind and temperature

instruments will be traced through signal conditioning to their

ultimate destinations. Then the discussion will cover the

experimental programs and their observational requirements.

Finally, the analysis of the survey data will be described,

INFORM4ATION F'LOW AT THlE SURVE~Y SITE$

The signals qenerated by the survey instrumentation had

three ultimate destinations. These were a display panel, a

strip chart recorder, and a magnetic tape recorder. At Lake

4 Union there were two magnetic tape recorders. Figure 13 shows

a simplified diagram of the flow of information at the survey

sites. A signal conditioning package for each instrument p ro-

1 1 i vided the link between the sensor and the display and record-

ing devices, Signals were simultaneously supplied to all

devices.

The display panel and strip chart recorders were used

primarily to monitor the parformaane of the instrumentation.

Neither provided sufficiently accurate read-out for analysis.

it was possible to monitor the signals from the wind and tem-

perature instrumentG directly on meters on the display panel
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by-passing the signal conditioning package. Thus, the display

panel was used in identifying the location of malfunctions.

All temperature and wind signals were also recorded by multi-

point strip chart recorders. The various signals were grouped

on the charts in a manner to readily identify malfunctioning

instruments. The strip charts provided the only means of esti-

mating the time of an instrument malfunction prior to proces-

sing the magnetic tapes. Together, the strip chart records

and display panel were used in trouble-shooting in addition to

routine monitoring of the instruments.

Two magnetic tape recording systems were used during the

survey to collect the primary data for analysis. A Metrodata

system was used at all sites. At Lake Union a second system,

by-passinq the Metrodata equipment, was used durinq periods of

intensive measurements. The understandinq of these two systems

is sufficiently important that they are discussed here in de-

tail.

Metrodata Ta eSystem

A Metr odata tape recorder system was used for routine

recording of wind and temperature data at all three survey

sites. The tape recorders (Metrodata DL 620A) are digital

recorders which record at the rate of 48 signals/sec. Input

signals to the recordl-r are channelized and the channels sam-

pled sequentially. The basic recorder includes 20 input chan-

* nels with additional channels being available in blocks of~ 10.

All channels are sampled in a given scan. At the end of each

s in two additional signals are supplied by the recorder.

The data were recorded on 1/4 in. magnetic tape in spe-

cial cartridges. Nominally, 1200 ft tapes last 4 hours during

continuous data recording, and 1800 ft tapes about 6 hours.
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it was found however, that these numbers were about 10 percent

II overestimated. Two recording options were used;.-continuous
recording and recording for a 5-minute period at. 2-hour inter-

vaLThe Metrodata recoders accomimodate input signals ranging

between t I volt, and have a 3 digit BCD output providing 2000

digital increments within this range. Thus, the maxiumx reso-

lution which was available in the recorded data was 1 mV change
I in the input signal. This corresponds to 2.2 cm/sec for hori-

zontal wind velocity components measured by the Gill anemom-

eters, and 4.5 cm/sec for wind speed measured by the'cup The

maximum resolution for the vert-ical wind velocity wae about11.4 cm/sec.
The magnetic tapes, created by ihe Metrodata recot-der,

were not compatible with the UNIVAC 1108 computer used in t1he
data analysis. To create data tapes to be-. used on this comn-

puter, the data were transferred to an industry standard

7-track magntic tape using a mini-computi~ir (Data Goeral NOVA

1220) at the Lake Union Site and a conventional 7-track tae

unit (Potter Inistrumuent Cotapanyl HT 36) having read and write

capabilities.

Duringj th6 tLransfor of the 4data from Mtrodata to Potter

tapes, the NOVA pnerfornieu prelimilnary data editing -aid format-

ing to Simplify the data procss ing required oil the UNIVINC

11.0(. The data wore~ examined for unrecognized characters, in-

complete scans, otc. Garbled data were replaced with -999, and

incomplete scans were filled similarly. When initial editing
Iwar, completed, the data from 10 Metrodata recorder scans were

written on Potter tape in B3CD ag a single record. Unused data

channola and the preparity and parity charact.zrs were dropped



in creation of the Potter tapes. On the average, 5 Metrodata

tapes were transcribed on a single E- r tape.

The Metrodata system proved to be the weakest portion of 3

the survey instrumentation. The time and effort required to

maintain the tape recorders in an operational status were much

greater than had been anticipated. The electronics problems

which were encountered are too numerous to list. On the basis

of the experience gained in this program, the Metrodata re-

corders are classified as not sufficiently reliable for con-

tinuous, unattended operation.

Aside from electronics malfunctions, problems with the

system were encounteiced in three areas. Only one special

character (the preparity character) was available which could

be used to determine the position of data words within a soan.

Additional special characters, such as, beginning of observa-

tion, beginning of scan, and end of observation, would have

reduced the cost of data processing and increased tha rate of

data recovery. The alignment of the tape write heads in each

recorder was not matched to the read head in the tape reader.

Throughout the first. half of the survey it was necessary to

adjust the tape reader heads prior to processing each car-

tridge. This problem was finally overcome by a factory realign-

ment of all tape heads. The final problem of note was the

time required for the tape drives to come up to speed. This

invariably led to the loss of the first scan or two in each'
I Jobservation.

Direct Recording System

The direc- recording system at Lake Union by-passed the

Metrodata recording system. After signal conditioning, infor-

mation signals from all the wind and temperature instruments
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in the tower array were input to a 64-channel analog-to-digital

converter interfaced with the NOVA computer and digitized at
a 2 Hz rate. Digitized signals were stored until 10 sec data

had accumulated and then written to tape as a single record

consisting of 24 bit binary words.

The A-D converter provided 2000 octal increments within the

range -1 to +1 volt. This is equivalent to 1024 decimal incre-

ments. As a result, the maximum resolutions for wind velocities

were 4.4 cm/sec for the Gill horizontal components, 8.7 cm/sec

for the cup anemometer, and 2.7 cm/sec for the Gill vertical

component.

Data tapes created using the direct recording system were

ready for immediate data analysis. There was no requirement

4 for further preliminary processing. The binary words recorded

t by the direct recording system did not require decoding on the

UNIVAC 1108 as did the BCD words on tapes created from the

Metrodata system tapes. As a result, the cost of the initial

41 UNIVAC 1108 processing of the direct system tapes was about 50'

percent of the cost for the Metrodata system tapes. '

OBSERVATION PROGRAMS

Collection of needed information on tu hulence in urban

environments for application to V/STOL aircraft design, certi-

fication, flight simulation and Operation has been identified

as a primary goal of the survey measurement program. It has

also been noted that the needed information included .both a

detailed description of the average conditions and a descrip-

tion of the variation about this average condition. To obtain

this information two observation programs were carried out dur-
ing the suirvey. The first was an intensive measurement pro-
gram in which data were recorded continuously for extended
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periods of time; the second was a climatological measurement

program in which data were collected for 5 minutes every 2

houis. These two programs were arrived at as an optimum com-

promise between cost and utility of data.

Intensive Measurement Program

The intensive measurement program was designed to provide
the information needed for the detailed description of turbu-

lence in both time and space. To accomplish this task with

acceptable confidence requires the analysis of relatively long

data time series. The time series used in analysis of the
data collected in this program generally consisted of 4096
points, although in some cases series of 2048 data points were

analyzed.

A total of 24 periods ranging from 35 min to 14 hr and

24 min in duration were selected for intensive measurements

at Lake Union. In all, more than 92 hour's data were collec-

ted in the intensive measurement program at Lake Union. The

data for these periods were recorded by the direct recording

system.

These data have not all been analyzed. Rather, 37 peri-

11 ods of interest were selected for analysis. Of these periods

of interest, 34 ccntained 4096 data points per signal and the

other 3 contained 2048 data points. At the 2 Hz sampling rate

of the direct recording system, these series represent approxi-

mately 34 and 17 min time histories, respectively. Thus, only

about 22 percent of the intensive measurement data collected

at Lake Union have been analyzed.

There were 5 periods of intensive measurements at KIXI

ranging from 1 to 5 hr in duration an," 3 sulting in almost 14
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hour's data collection. From these data, 10 periods of inter-

est were selected for analysis. Each period contained 4096
data points (about 31 min at the Metrodata sampling rate of

2.18 Hz). Thus, slightly over 1/3 of the data have been anal-

yzed.

Finally, a single intensive measurement period of 3 hr and

25 min duration was conducted at SEA-TAC. From this observa-

tion, 3 periods of interest were selected for analysis. These

3 periods corresponded with periods of intensive measurement

data collected at Lake Union and KIXI which were selected for

analysis.

Climatological Measurement Program

Just as the intensive measurement program was designed to

provide the information needed for detailed description of '-ur-

bulence in an urban area, the climatological measurement program

was designed to provide information to describe the climatolog-

ical variation of the turbulence.

In the climatological measurement program, observations

were made for about 5 min every 2 hr at each site. The 5 min

observation periods were selected to provide 512 data points

for each signal for use in spectral analysis and the observation

frequency of 1 per 2 hr was selected so that the Metrodata

tapes would last 3 days between changes. Both numbers were the

result of compromises between the expense of data collection

anid analysis and the number of data samples and observations

needed for confidence in results of the analysis. Reduction

of the number of samples to 256 would have resulted in too low

conf in individual turbulence estimates and increasing it

to iv4 z increased confidence would have required that each

observation period be extended to almost 10 min. Similarly,
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an increase in the frequency of observations to 1 per hr would

have required almost daily changes of the Metrodata tapes,

while a decrease in the frequency of observations to compensate

for longer observation periods would have reduced the total

number of observation periods too far to permit quantitative

evaluation of the climatological variability of turbulence

parmeters.

At Lake Union the instruments on the profile tower and

the Gill anemometers at the 25 m levels of towers 3 and 6 were

included in the climatological measurement program. A total

of 52 signals (including the preparity and parity signals)

were sampled in each scan of the Metrodata recorder. Each

Gill anemometer and temperature signal was sampled twice per

scan giving an effective sampling rate of 1.85 Hz. The sig-

nals from the cup anemometer and wind vane were sampled once

per scan with an effective sampling rate of 0.923 Hz.

At KIXI and SEA-TAC all instruments were sampled once per

scan. Since the Metrodata recorder's scan included 22 poten-

tial signal inputs'in each case, the effective sampling rate

for both sites was 2.18 Hz. This is the same sampling rate as

in the continuous scanning mode used for the intensive measure-

ments.

jThe data recovery rates for the climatological wind mea-

surement program were 77 percent for Lake Union and SEA-TAC

and 52 percent for KIXI. The Metrodata recorder system prob-

lems discussed earlier were the primary cause of lort data.

Additional data losses were caused by failures of components
in the signal conditioning packages. Only minor data losses

were caused by actual malfunctions of the sensors themselves.

f The data recovery rates listed are based on the number of

observation periods for which any usable wind data were



recovered. If the data recovery rates had been based on total

recovery of wind data, including spectral data which required

512 consecutive data points, they would have been about the

same for Lake Union but much lower for SEA-TAC and KIXI.

DATA ANALYSIS

The primary analysis of the survey data was completed on

a UNIVAC 1102 computer in three stages. The first two stages

of the data processing were required to put data in usable

form for the analysis which was performed in the final stage.

The three stage processing of data is the same as that used

by Elderkin et al. (1971 and 1972) in the TOLCAT program.

Data handling routines were altered as necessary, but the

changes were primarily in bookkeeping and did not affect the

41 ianalysis of the data. The first two processing stages were

generally completed separately to permit identification of

periods of unusable data with a minimum expenditure of funds,

although they were combined occasionally. In no case was the

final analysis combined with earlier steps.

Preparatory Processing

The initial stage of processing was conversion of the

data from NOVA to UNIVAC 1108 representation and subsequent

conversion of the data from voltages to engineering units such

as cm/sec. Prior to processing the data on the UNIVAC 1108

computer, it was necessary to convert the 24 bit NOVA words

.. to 36 bit UNIVAC 1108 words. In the case of data initially

recorded by the Metrodata system it was also necessary to con-

vert BCD characters to UNIVAC 1108 field data representation.

These conversions were carried out simultaneously. The data

were then converted to engineering units, packed 2 per UNIVAC

1108 data word and stored on tape to be used in the next stage
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of processing. Samples of the data in each NOVA record were

checked following conversion to engineering units and after

packing for storage.

The second stage o. data processing prepared the data for

final analysis and created the final data tape. In this stage,

the data were edited for obvious noise spikes and the Gill

anemometer data were corrected for noncosine response and rota-

I ted into an axis system aligned with the array of towers if

desired. Finally, the corrected data were written on the data

tape to be used as input to the analysis program.

I The editing of the data consisted of examination of con-
secutive data points to identify large changes in a signal.

Depending on the nature of the signal prior to and following

the change, one of three types of editing was performed. If

determined to be a noise spike an unrealistic data point was

changed to a more reasonable value, either an average of the

preceding and succeeding data points or to the preceding value

according to a predetermined rule. If the change in signal

level was not due to a noise spike but rather to a discontin-

I: uity in the data, no change was made. The tests used to deter-

mine the need for editing and the rules for changing values of

suspected noise spikes are detailed by Elderkin et al. (1972)

and Powell and Elderkin (1974).

In the course of the analysis of the data from the inten-

I:i sive measurements at Lake Union, the effects of data editing

were given a cursory examination. Data from three periods

were analyzed twice using different criteria. The first time

the data were analyzed the allowable tolerance between succes-

sive wind component vtlocities was 3 m/s. The analysis indi-

cated a significant number of "apparent noise spike" edits in

which the suspected values had been replaced. It also indi-

cated that the rms gust velocities for the horizontal wind
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were large (more than 2 m/s). The data were reanalyzed using

a larger tolerance, 5 m/s. The second analysis showed a large

reduction in the number of edits, but only small changes in

the results of the analysis. Typically, the mean wind speed

and direction were changed less than 10 cm/sec and 1 degree,

respectively. Similarly, rms gust velocities were changed less

than 10"cm/sec. Thus, the editing is deemed not to have sig-

nificantly colored the data analysis.

Following editing of the data, the signals from the Gill

anemometers were corrected for noncosine response. Each data

point was corrected using the angle between the instaitaneous

wind vector and the propeller axis in an iterative procedure.

The correction procedure followed is discussed by Elderkin et

al. (1972) and Horst (1972). The more rigorous procedure using

9. correction factors which are related to wind speed as well as

the angle between the wind vector and propeller axes (Hicks,

1972) was not used.

The wind data from the intensive measurement program were

rotated in the horizontal plane to align the u component with

the line of towers. The angle of rotation used was -340 (34*

clockwise). In this reference system positive u gusts would

represent headwinds to an aircraft directed toward the central

business district with its longitudinal axis parallel to the
line of towers. The v component is then the crosswind compon-

ent. Wind data from the climatological measurement program

were not rotated.

Analysis'IThe analysis of the data occurred in the third stage of
processing. By this stage unusable data sets had been elimin-P4J ated and questionable data points in the remaining sets had
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been examined and removed as necessary. From each of these

i data sets, a subset consisting of 29 data points/signal was

selected for analysis. In the casc of the intensive measure-

ments, p was equal to 11 or 12 giving series of 2048 and 4096

data points, respectively. In the case of the climatological

measurements,p was 9 which gave series consisting of 512 sam-

ples each. The successive samples in the series to be anal-

yzed from the intensive measurement program always represented

-{ j consecutive measurements. This was not ture for the series

from the climatological measurement program.

Frequently, in the first stage of processing the climato-

logical data, records containing 10 sec data would be found

to be deficient in some respect. These were discarded. If a

sufficient number of good records were found in an observation

period to provide 512 samples, data from that period were pre-

pared for analysis. The data from periods not having 512 con-

secutive samples were only used to determine mean wind speeds
and directions and the distribution of gusts. They were not

subjected to spectral analysis and therefore did not provide

estimates of turbulence time and length scales.

The data from an entire observation period were entered

into the computer and time series selected 2 or 3 at a time

for analysis. If the series selected for analysis consisted

of the signals from the 3 component arms of a Gill anemometer,

the initial analysis consisted of computing the mean value

of each series and rotating the horizontal component into a

reference system in which the u axis was aligned with the mean

wind vector. If, as in the case of the spatial studies, the

Ii series were not from a single anemometer, the rotation of the

data was skipped. In some cases, the series to be analyzed

were generated by taking the difference between the original

signals from the same component at two locations. in essence
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I the series of differences generated in this manner were time

V series of spatial wind shear.

Having prepared the selected series for analysis, the sta-

tistics of the series were computed. These statistics included

the first 4 central moments of each series and the joint sec-

Iond moments between series. For the intensive measurement data,

joint third moments were computed. Details of these computa-

tions are given by Elderkin et al. (1972). Joint third moment

computations were not made for the climatological data due to

low reliability of such statistics when based on short records.I In fact, the joint second moments which were computed for the

iclimatological data are highly questionable statistically.

I~ The data from the intensive measurement program were sub-

jected to exceedance analysis. This analysis included deter-

mination of the number of crossings of a given gust magnitude

relative to the rms gust magnitude and the ratio of the cross-

ing of each level relative to the crossings of the zero level.

I Exceedance distributions were computed separately for positive

and negative gusts as well as for the combination of positive

and negative gusts. A description of this type analysis is

TI ; given in Appendix A of the Interim Report. The results of the

exceedance analysis have not been summarized at this time and

are therefore not included in the presentation of results to

j follow. This type analysis was not performed on the data from

the climatological measurement program.

The standardized distributions of the values in each series

were determined by dividing individual departures from tne mean

by the standard deviation. The standardized distributions were

then used to compute cumulative distributions for the series.

These distributions were prepared for data from both the inten-

sive and climatological measurement programs. They have not
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been summarized and do not appear in the discussion of the

results.

1• Each time series from the intensive measurement program

was subjected to high-pass filtering to eliminate low f

quency variations of the data wich would not have been

observed in the climatological measurements. These filtered

series were then subjected to a repetition of the moment,

Iexceedance and probability analyses described above. The

b results of the moment analyses of the filtered series were

compared with results of analyses of the unfiltered data. In

1 general, the most significant effect was in the reduction of

the variance ot the v component, The u-variance was reduced

di somewhat and the w-variance was not changed significantIv. The

effects of filtering on exceedance and probability anaiyses
have not been evaluated.

Finally, the unfiltered data series were subjected to

spectral analysis as appropriate. The iiitiil stop in sf.;c-

, tral analysis was the removal of mean values and trends in the

data. The intensive measarement program data had the best-

fitting second-order dolynominal trend removed, while the
climatological Aata had only significant linear trends removed.

The technique used to determine the polynominals is given by

Wylie (1966). Detrending coefficients for all series are

available, The detrending used is disevssed by Powell (1974).

Following detrending, the ends of the series were tapered

I to reduce spurious effect, caused by Lhe finite length record.

This tapering was accomplished using a sine-squared bell-taper

described by Elderkin et al. (1971) and was limited to 5 per-

' cent of the data at each end of the series. In effect the

magnitudes of departures of the wind trom the mean were redu'ed

to zero at the beginning and end of each time series. As the
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central portion of the time series was approached from either

end the magnitudes of the departures were allowed to gradually

approach their true values. New variances and covariences were
computed for the detrended and tapered series for use in stan-

dardization of the spectra.

Spectral analysis was accomplished using the fast Fourier

transform technique. The actual computational procedure is

discussed by Elderkin et al. (1971); a general discussion can

be found in Jenkins and Watts (1968). The series were treated
4in pairs. For each pair the following were computed; power

spectra for each series, the cospectra and quadrature spectra,

the coherency and squared coherency, and the phase spectra

between the pair. Descriptions of the properties of the var-

ious spectra can be found in texts on turbulence and time

series analysis (e.g., Lumley and Panofsky, 1964, and Jenkins

and Watts, 1968). At this point it is sufficient to note that

the power spectra describe the distribution of variance in fre-

quency or wave-number space. These are the only spectra for

which the data have been summarized and for which the results

will be presented in the following sections.

SThe individual spectral estimates have been banded together

logarithmically to produce 8 banded spectral estimates per fre-

quency decade. This significantly increases the confidence

which can be placed ih each estimata. When banded in this

manner the spectral estimates in a given band are random vari-

~ ables appro imately distributed in a X -distribution. The num-

ber of degrees of freedom of the distribution can be determined

by

v 0.578 Tn , (5-1)

where T is the length of the time series in seconds and n is
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the frequency. The degrees of freedom must be an even integer,

thus the smallest even integer greater than v found from

Equation (5-1) is selected. (See Jenkins and Watts, 1968 for

further dicsso.

From the number of degrees of freedom a confidence inter-

val can be estimated for the banded spectral estimates as

It functions of the length of time series and frequency. Table

5 gives typical values of v for both the intensive and clina-

tological measurements as a function of frequency. In Table

6 the degrees of freedom in Table 5 are translated into fac-

.41'.tors which, when multiplied by the banded spectral estimates,

give the upper and lower limits of the range within which

the true spectral value can be expected at a given confidence

level.

TAB~LE 5. APPROX(IME DEGEES OF' FREED)OM OF THE1
DISTRIB3UTION OF DA14DED SPECTRAL ESTIMATES
FOR DATA FROM THEW INTENSIVE AND CLIHATrO-
LOGICAL O1IZERVATIONS

n Measurermu-nts Moasurements
.1 -1

A.1.0 1 184 148
<10.5 594 74.0

0.2 231 29.6
0.1 118 14.9
0.0$ 59.2 74

[10.02 2 3. 7 2.96
*10.01 11.9 1.48

0.005 5.92 ---
0.002 2.37 ---
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TABLE 6. FACTORS TO DETERMINE THE RANGE IN WHICH
TRUE SPECTRAL VALUES CAN BE EXPECTED

Confidence Limit
50% 90% 99%

V Lower Upper Lower Lower Upper

2 0.29 1.4 0.052 3.0 0.005 5.3
4 0.48 1.4 0.18 2.4 0.052 3.7
6 0.58 1.3 0.27 2.1 0.13 3.1
8 0.63 1.3 0.34 1.9 0.1? 2.7

12 0.70 1.2 0.44 1.8 0.26 2.4
16 0.74 1.2 0.50 1.6 0.32 2.1
20 0.77 1.2 0.54 1.6 0.37 2.0
30 0.83 1.2 0.62 1.5 0.46 1.8
60 0.87 1.1 0.72 1.3 0.59 1.5

This table shows that oven in the best frequuncy band

significant errors can be expected in the spectral estimates.

It also shows that the confidence in the estimates in thea lower

frequency bands decreascs rapidly. To in.rease the conidence

-olevels in the survy data, the banded spectral estimates from

individual intensive measurement tests were geometricaily aver-

aged to form composite spectra. Thus the number of degrees of

freedom in the composite spectra is significantly .tncreased and

the confidence interval correspondingly reduced.

to .Thu above discussion assumes instrument response adequate
to measure the fluctuations at each given frequency and no

aliasing to inflate the spectral estimates within the frequency

band. The survey data may be subject to both errors in the

high frequency bands, howeve;', these errors tend to be off-

setting. At the highest frequencies, 1.0 to C. Hz, the effects

of aliasing occasionally appear to have contributed signifi-

cantly to the spectral estimates. No attempts have been made

to correct survey spectra for these errors. Rather the highest

frequency bands, where the errors would be most significant,

* I have been disZarded.

-70-



The use of the fast Fourier transform technique elimin-

ates the need for direct computation of auto-and cross-corre-

lations. (These computations are exceedingly time consuming.)

However, the computation of integral time scales (Equation 2-9)

requires that these correlations be available. Auto- and cross-

correlations were obtained for survey data by taking the inverse

Fourier transform of spectral estimates resulting from the fast

Fourier analysis of the data. Cross-correlations for both

positive and negative time lags between 0 and 250 sec have been

computed at 1/2 sec intervals and are available at 1 sec inter-

vals. Autocorrelations for the same intervals are also avail-

able.

For the climatological data, correlations were computed

to time lags of 125 sec. These correlations were not saved.

The integral time scale, for each data series subjected

to spectral analysis, was computed by numerical integration

using the trapezoidal rule. The problem of convergence of

the integral was treated by comparing each value of the inte-

gral during the integration process 'ith the highest previous

value. The maximum, value attained during the integration was

thus chosen as the time scale. This technique gives over-

estimates of the time scale, but it eliminates the nonconver-

getica problem discussed in the Iritoi Re~port. In general,
the integral achieved its ma.imunt value relativply rc,,'idly,

then decreased as the autocorrelation became negative. On

occasion, the integral itself became Inegative.

Integral length scales were computed from integral

time scales using Taylor's hypothesis, i.e., a length scale

was computed by multiplying the time scale by the mean wind

speed. Data on time scales and length scales have been summa-

rized and are discussed at length later in this report.
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CHAPTER 6

PRELIMINARY RESULTS

This chapter marks the beginning of the discussion of the

results-of the survey. It deals with a nui .oer of loosely re-

X lated topics which must be covered prior to the discussion of

the more detailed results. In order, the topics covered are:

the wind climatology; the determination of atmospheric stabil-

ity; the evaluation of the roughness length at Lake Union; and

the effects of the length of observation on wind parameters.

Succeeding chapters will cover: the observed wind component

power spectra in an urban area; the development of a power spec-

tral model for an urban area; the development of a gust veloc-

ity model tor an urban area; and the development of length

scale models for an urban area. The final chapters in this
. 'report cover the spatial aspects of turbulence, including wind

sh.ars and the evaluation of the standard airport cup anenom-
ater as a turbulence sensor.

WIND CLIMATOLOGY

Examination of the wind climatology of the survey period

has several purposes. Among these are: estimation of extent
to which the survey measurements are representative of the

longer term climatology of the area and evaluation of the dif-

ferences in mean air flow at the three measurement sites. In

addition, this brief climatological examination is needed in

order to compare the survey measurements with estimates con-

tained in the Interim Report.

Complete wind roses for observations made during the sur-

vey are presented in tabular form in Appendix A. Due to
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intermittent failures of instrumentation, the data summarized

in these tables do not represent entirely concurrent measure-

ments. The data recovery rates at SEA-TAC and Lake Union were

approximately 77 percent, while that at KIXI was just over 50

percent. The total number of possible observations during

the survey was 3,000, since observations were made at 2-hour

I intervals.

Figure 14 presents a comparison of the frequencies of

occurrence of wind directions at the lowest level at the three

sites with the SEA-TAC climatological distribution contained in

V i"The Climatography of the United States No. 84-45." The clima-

tological distribution was obtained using a wind instrument

located on the roof of the airport's administration building.

It is suspected that the relatively low frequency of occurrence

of SSE winds shown in the distribution is an artifact of the

i roof-top location rather than a real climatological feature.

Rings in the figure represent frequency of occurrence in steps
h! i of 4 percent.

J. Comparison of the distribution of observed wind directions

at SEA-TAC and the climatological distribution shows a reason-

! . .. ....able degree of similarity with a preponderance of winds from

IS through SW. On this basis, it is concluded that the wind

direction distribution during the survey period is a climato-

logically representative sample.

The wind direction distribution at Lake Union shows a

more north-south orientation than is observed at SEA-TAC. This

is an influence of the local terrain and was expected. In

fact, this expectation was one of the prime factors leading to

the selection of the site. The frequency maximum to the NNW

corresponds to flow being channeled to the north of Queen Anne

I Hill. NNW winds exceeded S mls relatively irequently. The
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NE winds on the other hand were primarily associated with a

nighttime drainage wind from Capitol Hill. These winds gen-

erally did not exceed 5 m/s.

The distribution of wind directions at KIXI can also be

attributed to terrain influence. The relatively narrow band

of northerly winds results from channelization of the flow

between Queen Anne and Capitol Hill. To the SSE of KIXI there

is a valley between Capitol Hill and Beacon Hill which accounts

for the relatively high frequency of occurrence of winds from

I:.. that sector.

Wind direction distributions at Lake Union and KIXI both

appear to be cliniatologically representative.

in Figures 15-17 cumulative distributions are shcnwn for

the observed wind speeds at each site. In addition in Figure

15 curves are plotted, corresponding to the clitnatological

expectation and thL distribution assumed as a basis for turbu-

lance estimates in the Inturini Report. All curves in these

figures can be reasonably represented by log-normal distri-

butions if calmi winds are neglected.

Prom the start of the survey measurement program through

teend of Septembler, 1973, the winds in Seattle wore wtell

below average. This is borne out in, Figure 15 by comarz-f
t O of the 7 in climaitological curve and thta 7.1 mn observod data

curve. The mean wind speed computed from the survey data for

the 7. 1 mn levol was 2.8 in/s (6.2 niph) while the cliinatologi-

cally expectod mean wind speed for the same period is 3.7 rn/s

(8.2 mph). The itivan speed computed fromt the 'National Weather
I. ~ Service observations at S1EA-TAC during the survey period was

3.3 Wts. Tro conduct the analysis desci-.ed in the Interim

Rleport# it-.was necessary to assume a wind speed distribution.
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The distribution selected was obtained from FAA Adviaory

Circular No. 20-57A and is shown on Figure 15 as the Interim

Report assumption. It is readily apparent that there is a

significant difference between the observed and assumed distri-

butions. The mean wind speed of the assumed distribution is

4 5 rn/s (11.2 mph) which is ainost double the mean of the actual

observations. This difference must be considered when com-

paring wind and turbulence estimates contained in the Interim

Report with observed values.

The distribution of observed wind speeds at Lake Union is

shown in Figure 16. Those distributions have approximately

the same shape as those at SEA-TAC with only a slight shift

toward lower speeds. The mean speeds at the 6.9 and 24.8 mn

lave.' were 2.5 ni/s (5.5 mph) and 3.0 ni/s (6.8 mph), repec-

ti.vely. Thaso values~ are about 90 percent of the comparable

values, at SEA-TAC. In the ai ,alysis leading Lo the interim

loport, a ratio between the mean wind speeds in an urban area -

and those in rural areas was assumed to be..

The distinctive feature of KIXI wind spood distrih~iins
shown tn Fiqure 17 is that the upper level distribution does

no t s how a shift toward higher spe-eds. Examining the data
shows that in moderately strong winds the lower level wind
stpeed is frequently 5 to 10 percent higher than that at the

upper level. These same cases are accompanied by a positive
rahr than zer an vertical component. Thi-, indicates that

the lower lovel instrument is located within the building

ef fect.

The mean wind speeds observed during the survey at lX1XI
were 3.4 and 3.3 rn/s for the lowe-r and upper levels, respec-

tively. This is approxiniatcly 20 pcrccent greater than th: 7.1
m average wind speed at SL -TAC. Significant data losses
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occurred at KIXI in the last months of the survey which resul-

ted in lower mean wind speeds than would normally be expected.

Hiad they not occurred, the ratio between the KIXI mean speed

and SEA-TAC 7.1 speed might have been in the 1.2 to 1.3 range.

DETERMINATION OF' ATMOSPHERIC STABILITY

In the discussion in Chapter 2 the role of atmospheric

stability as a factor influencing wind flow was outlined. The

initial analysis of the intensive measurement data from Lake

Union showed behavior of the temperature systems which was
i4os0tn wih nown characteristics of the sensors. Thus

it was necessary to use an alternate indicator of stability.

Due to the contrasting thermal properties of the city and Lake< 1 Union, it was felt that the use of time-of-day or a siiple wind
speed-cloudiness tachniquto would be inappropriate. The use of

J. wind measurements was the only alternative which was considered

The potential basis for computation of stability from wind
Profiiles can bL seen In F~igure 1. If winid measurements at 3

toevels can bo assunALed to be influenced by regions with rela-
tively1 uniform su.-face roughness, theon the departure of the
ab--erved wind prof i lu from a logarithmic form cans be used to

estimt stability. If a quantitative estiniate woere desired,

an iterative schLeme simil-ar to the scheme discussed by Paulson
(1970) could be developed. As a practical matter, however, it
would be very tenuous to assume. that wind measurements at any

3 levels on the Lake Union prof ile -tower would beu iif luenced by
a region having homocoeneous surface roughness. in addition#
normal di-re s between Gill aniemometers would often mask
the variations in wind speed 1profiles due to stability. After

cursory evaluation this approach toward estimation of stability
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was abandoned. The remaining approach was direct estimation

of the nondimensiona4 shear, o

Restating the definition of nondimensional wind shear
. (Equation 2-5) in terms of finite differences gives:

2 21
rd (6-1)

u n

The term 1 )/in(z2 /z1) represents the wind shear in the

neutral (adiabatic)case, and setting u (-uw') gives an

estimate of the shear in the actual, non-neutral (diabatic)

atmosphere. Unfortunately, the time required to provide a good

estimate of -uwC is considerably longer than that required for

-u As a result, it is not possible to estimate stability on a

climatological basis for the survey period. Evaluation of

the effects of stability is therefore limited to the extended.

runs. The levels chosen for stability determination were the

*ii  12.6'm and 24.0 m levels. The u, used in the stability deter-

minations was the geometric mean value of -- V/2 between

these levels. Th result are interpreted as applicable at the

geometric mean height of observations, 17.8 .m. Wind parameters

which are examined as a function of stability are also the get-

metric mean of the measred or computed values at these levels.

The use of the geometric meah u* rather than u, at one

level has the net effect of tending to group data in tile no-

tral category, which has arbitrarily been defined as 0.8 n fli-

: 1.25, if the individual estimates of u. are correct. Values

of loss than 0.8 wore considered to be representative of

unstable conditions, and those greater than 1.25 were consid-

eyed to represent stable conditions. If random errors exist



in the estimates of u*,the use of the geometric mean u* will

tend to reduce spuriously large or small values of which

might be caused by those errors.

Values of computed for the 37 extended test periods at

Lake Union ranged from a stable 2.62 to a rather unstable 0.34.

Table 7 gives the relationship between o and the nondimensional

height (z/L) in this range based on relationships given by

Bubinger et al. (1971). Interestinqly bith stability extremes

were during north,_rly wind conditions. As expected, the bulk of

the values (20) of fall in the neutral range. Of the remiain-

ing tests, 4 were stable and 13 unstable.

TAB3LE 7. R .LATIONSIM BELTWEE~N NONDIMEtNSIONAL WXND
SHIN~R AND NONDIMENSIONAL HEIGHIT

0.4 -2.5
0.6-04

0.8 -0.096

1. 0,043
1.4 Q0.085

1.6 0.3
.. 1.80.17

2.0 0.21
2.4 0.30.

To ova 1ua to this-.tehni~i for*stability. determination,

data f moi~ a .squetuce of six .periods between 6 p.t%% oni janua y
~2 nd 6-1 a.n~ n' Ja ry 1 9"4,, wore Oxahz iiad. Thosoe

oata are Shown~ in Trable 8,. Throughout-this poriod t4he wind

trajdctory was cotirely Over: thul SeatUoe central area so that

the termal..Ai.nf luence of Lake Onion WA& probably insignificant.

Between the beginiainq of the period and midnight the wind aver-
aged bete~ 1 53 and 6.9 ra/s 124 m)ft t oth Th

atm~osphere was. evA1ua Lod unstable, which is r<.asonable sincue



the city is a heat source. By the time of the 2:30 a.m. obser-

vation the wind speed had begun to decrease and the stability

classification had changed to neutral. This trend continued

through the 5:20 a.m. observation, when the wind speed had

I died to less than 1.3 m/s (3 mph) and the atmosphere was class-

ifield as stable. In the next 3 hours there was a marked

increase in wind speed accompani'A by a decrease in atmosphericfi:• stability. The variation of the stability indicator m through-

out this entire sequence is consistent with the other onsite

measurements and expectations based on physical insight. As a

result,the computed values of m were accepted as reasonable.M

TABLE 8. VARIATION OF WIND PARAMETERS AND STABILITY
DURING THE NIGHT OF JANUARY 12, 1974

Test Starting Wind
- -Test Time Direction Speed u O m

(m/s) 7T h
12-11 1800 189 5.90 3.66 0.25 0.75
12-1A 2020 188 5.28 0.66 0.52 0.78
12-13 2320 180 5.72 0.68 0.38 0.77

12-14 0220 174 4.43 0.46 0.88 1.1S2- 5 0520 158 1.22 0.20 3.2 1.3

XI 13-il 0740 188 8.11 0.84 0.62 1.0

Figure 18 shows the joint variation of the diabatic and

adiabatic factors used to compute 4m for Lake Union extended

tests. As would be expected for data taken near a surface

heat source (city), the values tend to fall more toward the

unstable area than the stable. This has been noted at other

urban locations (Bowne and Ball, 1970). Lines have been
-ncluded to distinguish those combinations considered to be

stable or unstable from the neutral cases.
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IV,2 N
EVALUATION OF THE ROUGHNESS LENGTH AT LAKE UNION

Having classified the extended tests at Lake Union by

stability, an effort was made to evaluate the roughness length,

zo, at the Lake Union site for wind flow across the city dur-

ing a variety of atmospheric stabilities. Values of z were

plotted as a function of wind direction to permit the identi-
I!" fication of any directional dependence. The results are shown

in Figure 19. As expected the roughness length is seen to be

related to stability. The large values of z under stable

conditions are associated with the roughness in the central

business district of the city. The intermediate values associ-

ated with neutral conditions represent values typical of the

3-5 story buildings between the central business district and
the site, and the small values of z associated with unstable

conditions are associated with the relatively flat, tall grass
,41 covered area 100-200 m (300-650 ft) immediately upwind of the

- A profile tower. The large value of z in unstable conditions
0

at 1570 is the result of flow over the freeway and several 5-6

story buildings within 300 m (1000 ft) of the site. Other than

that, little variation of z with wind direction is discernable.

As a general rule the approximation of z as 1/30 the height

of the typical buildings or roughness elements appears to give

good results, and an average of 0.6 or 0.7 m is reasonable for

the siLe under southerly winds.

Roughness lengths associated with northerly winds were

considerably lower. In the 2 unstable tests during northerly

winds values of z were found to be less than 0.01 m.

Values of z0 used in the foregoing analysis were deter- K
mined by extrapolation of the wind gradient between the second

and third levels of the profile tower to the height at which

u went to zero. This process is illustrated in Figure 20.
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The dashed lines in this figure show the extrapolation in 3

tests, one for each stability category. This figure also shows

the effect of sitability on the growth of the internal boundary

4 and transition layers. In both the stable and neutral cases

I the lowest wind instrument is obviously located in a layer

which ha~s been affected by the rough to smooth transition. As

a result of the decreased surface friction over the smooth ter-

rain1 the lowest wind speed has increased above its previous

equilibrium value resulting in the kink which is evident in

p the profiles. ifn the unstable case, apparently the 3 lowest

t layers, at least, are in the internal or transition layers.

Little significance is attached to the curvature of the upper

portion of the profiles. The wind direction at each level is

given to the left of the profiles.

+ ~EFFECTS OF THE. LE~NGTH OF OBSERVATION ON WIND PARMETERS

The signal conditioning and data recording capabilities

at Lake Union made it possible to simultaneously record data

for both the intensive and climatological measurement programs.
As a result of this capability, there were 24 cases where climna-
tological data were collected within an hour of the times for

which extended run data were analyzed. (Failure of the tape

recorder used in collection of the climatological data accounted
*for the other 13 possible cases.) Comparisons of the moan wind

spee, rs gst eloitis ~2 1/2anthiterllgh
speed, rm gust velcities (VY anthiterlegh

scales for each component have been made to identify systematic

biases resulting from differences in data acquisition and pro-
cessing between the experimental programs. Tablo 9 presents
average statistics for these 24 tests. The upper row for each

height contains the averages for the extended runs -and the
lower row contains the averages from, the climatoloqical data.
other than the difference' in the length of the observation



period; the only difference in the collection or processing of

the data was in the detrending of the initial time series prior

to spectral analysis. It will be remembered that best fitting

second-order polynomials were used to detrend the data from

, the extended runs, while only linear trends were removed from

I the climatological data.

TABLE 9. COMPARISON OF WIND STATISTICS FROM EXTENDED
4rUN AND CLIMATOLOGICAL MEASUREMENTS MADE AT

APPROXIMATELY THE SAME TIME

Integral
Measurement Mean Wind RMS Gust Velocities Length Scales

/4'Heiht1:3 if __ L~ L LwHegh S ° 6,'l uv °w v w
Jm -i iTF (m7 s) (in/a) Tm/aTS) ThiY T(iT (m)

6.9 4.06 1.34 1.03 0.62 70 49 12
4.18 1.23 1.00 0.62 35 34 10

12.6 4.54 1.39 1.11 0.79 82 56 14
" 4.64 1.27 1.05 0.81 43 36 14

24.8 5.56 1.55 1.16 0.94 104 70 20
5..57 1.35 1.02 0.94 49 32 17

I 48.2 6,,'62 1.64 1.06 0.81 138 88 36
Z.20 1.56 0.92 0.65 65 28 20

I
The data in the table show remarkable agreement between

1 1wean wind speed and rms gust velocity averages at all levels.
The two experimental programs are considered to provide equi-

valent data in those areas. Significant differences are

apparent in the computed integral length scales. The length

scales for the horizontal wind components computed from clima-

tological data are approximately 50 percent of the comparable
values for extended runs. Had quadratic detrending been used

on the climatological data, the length scales derived from

i I those data would have been even smaller. Thus, the differences

are considered to be the result of differences in the length of
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I.4.
the observation periods. Horizontal motions exist at low fre-

quencies which do not contribute significantly to the clima-

tological data length scales and which are not effect vely

removed from the extended run data. The absence of low fre-

quency motions in the vertical are responsible for the gener-

ally excellent agreement between the vertical length scales.

Additional comments on the effects of the length of record

and detrending will be made as the data from the survey are
compared with other data. In addition, effects of lauk of

instrument response on low-level wind statistics will be cov-

ered later.

S1
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CHAPTER 7

WIND COMPONENT POWER SPECTRA

Having completed the development and review of background

information, this chapter will qualitatively examine the details

of wind component spectra computed from the extended measure-

ment experiments and compare them with other data and existing

models. To identify the dominant features of these spectra,

composite spectra have been formed by geometrically averaging

the banded spectral estimates from the individual tests.

-CALING OF THE SPECTRA

Variations in meteorological conditions between tests

required that the individual spectra be normalized prior to
; j averaging. Three frequency scales were trica: n, n/, and

nz/;. Within a given test the spectra at various heights

organized well when plotted against either n or n/U. When the

nondimensional frequency nz/u was used, the horizontai spectra

became scattered; only the vertical component spectra remained

organized. Comparisons between tests indicated that the use

of n/u, the inverse wave length, provided significantly better

results than did the use of frequency alone. This corresponds

to the findings of Brook (1972) for turbulence data collected

in Melbourne, Australia. Aa implication of this finding is
that the climatological variations of the length scale are

relatively smaller than the climatological variations of time

scale.

Selection of scaling parameters for the spectral estimates

themselves did not provide significant problems. The natural
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scaling parameter in the boundary layer is U* 2.: However, 'this

parameter was readily discarded in favor of the variance of

reasns.Thefirst is that the integral over frequency of

spectra scaled with the variance is unity on tihe basis of the

relaionhipgiven in Equation (2-8). The second reason for

selctig te vr~ace s tat'pecralmodls'incurrent usage

in flight simulation are scaled in this manner.

U LAKE UNION SPECTRA

Variation of wind profiles with stability and-change of

roughness has been discussed previously. in the prepent con-

text, however., it is appropriate to consider a composite wind

profile which represents the mean atanospheric conditions cor-
responding to the composite spectra to be examined. This

fictional profile is shown in Figure 21, The rcughness length

associated with the wind between the 12.6i and 24'.8'mn levels is

0.6 m and u* tor that layer is approximately 0.30. In the

lowest layer, u* is somewhat less.

As a starting pointconiposite spectra were formed from

data f rom .34 of the 37. periods analyzed. The remaining 3
periods had time 'series liimited to 2048 data points. These
data wer.analyzed separately; their inclusion w~ould not have

altered the rasults. Composite, spoctra from the ,combination
.of 34 Lake Union tests are- shown in Figuro 22 grouped by comn-

ponent, the longitudinal'component spectra appearinq in the
upper box, the lateral comipnewt in the viidd~je box, and the
vertical componenL in tho lower box. (This formnat of examining

the corponentiseparately will be fowd'.in most cases.) The
compositoe .spectra are labeled with the height of mneasurement.
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In general these spectra show a marked similarity to the

* spectra which have been obtained in conventional turbulence
measurement programs. Specifically, they show the common ten-

dency for the normalized frequency-multiplied spectral esti-
A..2 - -2/3

mates, nS(n)/oy , to decrease proportional to (n/u) at high
frequencies. This result is indicative of the presence of an

inertial subrange in the turbulence. This point will be

examined in further detail shortly. The increase in nS(n)/a2

proportional to n/u at low frequencies for the v1 and w' Spec-

tra is also a commnon feature of wind turbulence spectra. The

figure shows rudimentary evidence that this same relationship

would hold for the longitudinal spectra had longer time series

been analyzed. A third feature these spectra have in conunon
with other atmospheric spectra is the gradual transition be-

tween the regions having slopes of +1. and -2/3. This tran'si-..'
tion occurs mauch faster ikn the vertical component spectra than

i n those for the hor izontal components.

F'igure 22 provides an~ optrtunity to examine the vari-
ations in each component spectra as a function of height. The

spectra shift towardl lower frequencies as the height abovo the

ground is increased. This shift is most pronounced fox the
vertical compoment spectit which is not -surpr'ising since they
tended to orgaize well with: th& use of the. nondiinonsional
frequency, nz/i. The shift of the horizontal Conwpnent spectra
toward lower frequencies is significantly less than for-the

.4 stertical componont sapectra. This is an indication that the
horizontal component spetr may be related-to height in a
different manner than the vartical componont spectra.

The Interim IPoport listed three f etures of a classical
inertial subrango. in addition to the -2/3 slope at high fro-

quencies, the features were: vanishing of the cross spectra
and spectral values for the v1 and wl coml.ponents 4/3 those
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of the u' component. To examine the last feature, composite

spectra for these tests were prepared for the 6.9 and 48.2 m
2levels with spectral estimates normalized to u* ratner than to

the component variance. Figures 23 and 24 show the results of

this. (In these figures the three component spectra are shown

'3 together to facilitate the desired comparison.)

These figures show that the 4/3 relationship required of

the classical inertial subrange and predicted by theory is not

present even though the individual spectra show -2/3 slopes.

The predicted relationship is more neatly approached at the

* lower level. Here the v' and w' spectral values are equal, but

they are smaller rather than larger than the ul spectral, values.

ANt the upper level the situation is farther from the theA~reti-
*ciat prediction, even though a more extended -2/3 region i

evident. it is therefore concluded that the inertbal.subrange,
in tho classical sens&, is not evident in the frequency range
%,,tampled. Itovoever, the use of the term inortiuil skiubnraa9o, Will

be continued mn a loose sense to dec ribo the re(gionl of the

'spectra wqhich sposatsos the -2/3 slope. In Passinig, it should
be noted that1 failure to observe the 413 rao iscorni
exVrimnta studies of atmoi sphe 4 Jcturbuleceeni hs

studios conducted ia mare nearly ideal Omurroursdjngs

Returning to ccaiderat ion -otf the Lake:lniloft 'COMtOSi-to

&spectra, a variety ot' 4tiaqls Of thOl da-ti were wm.a!team
*ine the effect of stability and wind directli. Co psite.

spewtra wi~ro ritiorod trom~ those tonots eval'4.atd' a t stbl t6
unatable 'oil tho: basis of .. Wheti thots,,: spectr&A were eainp~ried.
no* rg fiat lifforences wore found. Similarly, whdn the,

data worer groupead by wind direti~ton and eotV.c site spo7ctra om

*pu~tted 1 there were. no apparenlt dilfterences. ThiA is not to, 'sIay

that thare' Warer no diftaonces, only that under s0.-alinj A.y 2
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N2

and u the differences were not apparent. Variation of a as
Y

* a function of direction will be discussed in a later chapter.

* KIXI SPECTRA

Intensive measurement data from 10 periods at KIXI were

analyzed. The data from these tests were combined in the man-

ner of the Lake Union data. The resulting composite spectra

are shown in Figure 25. These spectra show essentially the

same basic features as the Lake Union spectra. There are
several points of differences which are worth noting, however.

The first difference is in the transition between the

regions having +1 and -2/3 slopes. The KIXI transition regions

for the horizontal component spectra are more abrupt than are

their counterparts at Lake Union. It is not known whether this

is a real difference or the result of the limited number of

extended tests at KIXI. if the difference is r.eal, then it

has an interesting ramification in modeling. It may be neces-

sary to model the change of spectral shape as a function of

height above the surface as well as the length scale and vari-

ance.

A second difference of interest is that the horizontal

I component spectra do not shift tow-rd lower frequency from the

lower to the upper level. This indicates that the relevant

reference level is ground level rather than the roof.

Out of the 10 periods for which KIXI extended test data

were analyzed, 9 occurred during periods when the wind direc-
-  tion was between 168 and 1850 at the lower level. The other

test was conducted during a period when the wind was out of

the NNW. When composite spectra for the southerly tests were

compared with the spectra for the single northerly test, a

-99-
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distinct difference in position was noted. The northerly

spectra were shifted to significantly lower frequencies. How-

4ever, when climatological data on length scales were examined,
this shift did not appear to be a consistent feature.

No attempt was made to evaluate stability at KIXI nor to

separate the KIXI data by Lake Union stability classification.

INTERSITE SPECTRAL COMPARISONS

Composite spectra for Lake Union and KIXI tests have been

compared with composite spectra computed for 3 test periods at
SEA-TAC. These comparisons are shown in Figures 26 and 27.

I The spectra shown in Figure 26 are for the lowest level

on each tower. Three inferences seem warranted from this fig-

i ure. First, the spectra from KIXI are shifted to lower fre-

quencies than those from Lake Union and SEA.-TAC. This would

follow directly from the previous discussion which indicated

that the relevant reference plane was ground level rather than

the roof. The second inference is that, except for the rela-

tively abrupt transition between the +1 and -2/3 slope regions

in the v' spectra at KIXI, the spectra from all three sites

have essentially the same shape. The final inference is that

there is no significant difference indicated in either slope

or position between comparable spectra at Lake Union and SEA-
! TAC.

i The last two inferences are particularly important. If

supported by the climatological data, these inferences lend

considerable weigjht to the use of a common spectral model in

the simulation of turbulence for terminal flight in both urban

and rural environments. it would only be necessary to alter

the variances and possibly the length scales to compensate for

any differences in turbulence in the two environments.
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Figure 27, which is similar to 26, compares the composite

spectra computed from data collected at a nominal 25 m level
on each of the towers. The inferences drawn from the spectra

I at the lower levels are supported by the spectra at this level.
In addition, it is interesting to ncte that the horizontal com-

ponent spectra from KIXI no longer appear shifted toward lower

frequencies and that the sharp transition region of the v spec-

'V tra still appears anomolous.

FURTHER SPECTRAL COMPARISONS

On the basis of the intersite comparisons, the survey data
appear to be a consistent set which can be used to evaluate

existing turbulence models for application to V/STOL aircraft
design, certification and flight simulation. Further verifi-

cation of this conclusion was sought by comparing the survey

1 data with data obtained in other measurement programs and with
von Karman spectra computed using turbulence length scales

11 1 obtained from the survey measurements. (The mathematical form-

I ulation of the von Karman spectral model is discussed in the

Interim Report.) The results of these comparisons are presented

in Figures 28 and 29. Actual composite spectra from the survey

measurements are not shown in these figures, instead a shaded
area is used. This area represents the region covered by

one standard deviation of the individual banded spectral esti-
I mates about composite spectral estimates. The spectra to be

compared with the survey data are represented by the curves
included in the figures.

Atmospheric turbulence data used in the comparison were
obtaine! in Melbourne, Australia, by Brook (1972). Brook's
measurements were made at 3 levels on a 18.5 m tower located

!I'• on the roof of a 10 m building using Gill anemometers. The
top level data have been used in this comparison because nearby

-104-
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buildings (within 80 m) extended to about the 12 m level of

the tower. The curves shown represent composites of data from

15 to 50 different tests.

Figure 28 shows the comparisons for the lowest level data

4t Lake Union. The smooth curves extending over the entire

range are von Karman spectral models computed using the aver-

age length scales for the Lake Union site. It is apparent

that the measured length scales are larger than needed to pro-

vide an optimum position for the von Karman spectra. The

discrepancy is most evident in the u spectra. The differences

in transition from the +1 to the -2/3 slope regions between
1  Ithe von Karman spectral model and atmospheric measurements are

also evident. In particular the modeled transition for the
horizontal turbulence components is too abrupt.

The shorter ;urves on this figure are Brook's composite

spectra. They compare very favorably with the survey data.

When the w component composite spectra for Melbourne and the

Lake Union are plotted on the same graph, the similarity in

both position anO shape makes the curves nearly indistinguish-

able. This similarity has important ramifications in estab-

lishing the generality of the results front a specific site.

. As a result of this comparison there can be more confidence

in the application of the Seattle data to other sites.

Comparison of the von Karman spectral model and the 48.2
m data fxum Lake Union (not shown) also indicates that the mea-

sured length scales are too large and the model transitions

4.1 are too abrupt.

In Figure 29 the von Karman spectral model is compared

with data from the upper level at KIXI. In this instance the

measured longitudinal length scale is too long, but both the

"-407-



lateral and vertical length scales have been under-estimated.

The rate of transition from a +1 to a -2/3 slope matches the

data reasonably well. Comparison of the model with data from

the lower level also shows the features just described.

On the basis of the qualitative comparisons presented, it
was concluded that the survey climatological data could reason-

ably be analyzed in the context of existing turbulence models.

Accordingly, the climatological data were organized to evaluate

the variation of turbulence intensities (the ratio of component

rms gust velocities to the mean wind speed) and the integral

length scales. In the next chapter the spectral model of

Fichtl and McVehil (1970) is fitted to the Lake Union turbulence

data. In following chapters, models are developed for rms gust

velocities and length scales.

-
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CHAPTER 8

SPECTRAL MODELS FOR THE.URBAN ENVIRONMENT

In the previous chapter composite spectra were examined

for, each-of-the survey sites. These'spectra sbowed a marked

similarity to each- Other,-tospectra.from.other sites and to

the von Karman spectral mojls. It has: therefore been con-

cluded that the existing approaches to modeling .atmospheric

boundary layer turbuince are a reasonable starting.point in

.development of spectral models for. imultion, of: turbulence

4:i-i ' for applicationto"V/STOL aircraft operations in an urban

I. terminal envirobatent; lhe. rquicrnents, bpv deelopment of
models are: 1) a spec-tral fonm-,*.2:)"a turbulence rms value

and 3) a turbuience length scale. In this chapter the devel-
r-mont of a spectral orm will be undertaken. In the next

. lo chaptes, models will be developed for rms gust velocities

" and length scales.Ni "

BASIC SPECTRAL MODEL

j . The Interim Report starts its discussion on atmospheric

- boundary layer spectr-, with a model proposed by Fichtl and

McVehil (1970). This model is

I -i!i

itS (n) Ic f/ (f)

(*1 + l.5[f/f)]}

where: f is the nondimensional freqaency nz/u, f is the
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Ltequency at which the maximum value of nS (n) is attained, and
Y

C is a coefficient which adjusts the magnitude of the spectra
Y

at all frequencies. The exponent r is used to vary the curva-
'Y

ture of the spectra in the transition region between the low

frequency region, where nS (n) is proportional to f/f , and the
y m

high frequency region, where it is prorr-rtional to (f/f)-2 /3

Thus, these spectra have the same properties in the high and

low frequency regions that are possessed by the von Karman spec-

tra. In addition, they have a variable transition region which

can be fitted to observed data. This will be the starting

point for the current model effort.

MODEL DEVELOPMENT

An additional relationship is needed to convert Equation

(8-1) to the more familiar form in which nS (n)/u i a funo-
Y Y

tion of the dimensional frequency n, the wind speed u, and t1e

length scale. Therefore~ it is assumed that

(.k ) 2tL' 21 A~ L r (8-2)
Y 't ' Y Y

where (A is the wave length at the peak 0 f the spectrui L'
tM~

is the length stualo associatu3 with 0.~ ~ is the initegral

length scale and A is a constant of proportionality between the

length scales. A may have different values for each compionent.

In addition to assuming the relationship in Equation 0~-2),

it is necessary to evaluate the relationships between the comn-
* - ponent rms gust velocities and u.. According to boundary

* layer theory, the ratios between the component rtns gust veloc-

ities and u* should be a function only of the nondinefisional

height, z/.L, or in the case of the survey, 11. Previous

turbulence studies have produced conflicting results on this



point. It was therefore necessary to examine these relation-
£ ships with urban data. This evaluation was accomplished using

the extended test data from Lake Union. Figure 30, which

shows this evaluation, ieveals that a.py relationship which

might exist between the ratios and stability is weak. For

4 engineering applications the assumption of average values of

2.5 for au/U ., 2.-0 for av/U ,, and 1.5 for aw/U , is all that
is warranted by the data. These values are in close agreement

with the values 2.5, 2.3, and 1.35 offered by Panofsky et al.

l (1970) for heterogeneous terrain. The circled data were ob-

tained during northerly winds and may have been affected by

the profile tower's wake. Making the appropriate substitutions,

Equation (8-1) becomes

r 1/3inS (n) I2n C (n L' /u) r5 83

'2 2 i Y/r

a /u.) + 1.5(2 nL' u) j.  Y -

MODEL PARAMETER EVALUATION

Kaimal (1972) has presented data which were used as ini-

tial estimates of values for C and ry for neutral atmospheric
Y

conditions. These estimates were presented in the Interim

Report and are repeated in Table 10 along with average ratios

of the rms gust velocities to u,. In addition, Table 10 con-

tains an evaluation of the constant term which is in brackets

I Iin Equation (8-3).

Spectra for each component were plotted as a function of

(n L' /a) using Equation (8-3) and the parameter values in
Y

Table 10. These spectra were then compared with the envelopes

of observed spectral estimates at 6.9 and 48.2 m during the

extended tests at Lake Union. Based on this fitting process,

--5u-, ii-
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TABLE 10. INITIAL PARAMETER VALUES FOR THE SPECTRAL MODEL

2.y C r o /u, 2v (a /u)
Y Y Y Y Y

u 4.8 1 2.5 4.8

v 2.7 1 2.0 4.2

w 0.94 5/3 1.5 2.6

revised values were computed for C. At the same time the

length scales which would provide the best fit between the

modeled spectra and the data were determined. The initial

estimates of the parameter r proved to be satisfactory. Table

11 gives the revised values of the model parameters and best

fit length scales,

TABLE 11. REVISED PARAMETER VALUES FOR THE SPECTRAL MODEL

H C r 21? C P a /u,) /_. L'

u 6.9 6.4 1 6.4 50
48.2 6.4 1 6.4 100

v 6.9 3.8 1 6.0 25

48.2 3.8 1 6.0 50

w 6.9 1.S 5/3 4.3 748.2 1.4 5/3 4.0 20

FINAL SPECTRAL FORMS FOR AERONAUTICAL USE

"i The parameters in Table 11, in conjunction with Equation
(8-3), provide spectral models which are in exceptional agree-

ment with the Lake Union data. However the models are in the fre-

quency domain. A transformation into wave number domain using

-113-
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k 2in(8.4)
u

4provides the turbulence models in terms more familiar to aero-
nautical users. They are, for the longitudinal and lateral

components:

{ ~~kS (k) k (+kL' )/

(I 1.5 k LI Y

Y =UIV (8.5)

4; and for the vertical component,

p ~kS~ (k) 2k L'w(86

1 .5(k L') 5 ]

4These spectral models are shown in Figure 31.
IThe next two chapters deal with the parameters of these

spectral models. Gust velocities observed during the~ survey

are described and modeled in Chapter 9, and length scales are

covered in Chapter 10.

7I
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I CHAPTER 9

GUST VELOCITIES

In the last chapter, models were developed to describe the

power spectra for each of the wind components. Each model is

completely determined by specification of values for two param-

I' eters, an rms gust velocity and a turbulence length scale. In

this chapter, the gust velocities observed during the survey

are described and used to develop a set of gust velocity models.

In the next chapter, the survey measurements will be used to

develop the length scale models needed to complete the defini-

A. tion of the spectra.

. OBSERVED RMS GUST VELOCITIES

Cumulative frequency distributions of the longitudinal,

lateral and vertical rms gust velocities are shown in Figures

32 through 34, respectively. Data from the three sites are

" presented on the same figure, but it must be remembered that

the data sets for the three sites are not made up of entirely

concurrent measurements. In addition, the combination of the

data from the KIXI lower level with the nominally 7 m data from
I I Lake Union and SEA-TAC is not truly justifiable if, indeed, the

combination of the upper level data is.

., Having expressed that caution, it is interesting to note

the differences and similarities in the observed distributions.

The Interim Report indicated that significantly higher rms gust

velocities should be expected in the urban area relative to

those at a conventional airport. That is the case for the

longitudinal and vertical components although the differences

-.. I are not as pronounced as expected. The reduction of the

.- 116-
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11'
differences is explained by directional variation of the wind

which was not accounted for in the Interim Report. The urban

iI  area gust velocities were assumed to be large and those at the

airport were assumed to be small for all wind directions. Nei-

1. ther assumption was met at the survey sites. The frequency of

large rms gust velocities was considerably smaller in the sur-

4 "vey than had been anticipated. This was the result of the low

mean wind speed during the survey period. The higher frequen-

I. cies of large rms gust velocities at KIXI are primarily caused

ui by the higher mean wind speeds at the higher measurement levels.

TURBULENCE INTENSITIES

Frequently, rms gust velocities are normalized by the mean

wind speed to form turbulence intensities. These intensities

tend to become constant as wind speeds increase instead of

increasing as the rms gust velocities do. For this reason,

average turbulence intensities were summarized and examined as

a function of various meteorological and physical factors.

Effect of Stability on Turbulence Intensities

I"  The geometric mean of the turbulence intensities between

12.6 and 24.8 m at Lake Union have been plotted as a function

of m to assist in identification of possible relationships

1 .,between stability and turbulence intensity. The results are

shown in Figure 35. As in the case in which the rms gust

velocities were normalized to u,, any relationship to stability

-A. is lost in the scatter of the data.

Effects of Wind Speed, Surface Roughness and Height on 'rurbu-
Tence intensities

In summarization of the climatological data, geometric

mean turbulence intensities were computed for each wind speed
. -120-
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and direction category at all three survey sites. These data

are presented in their entirety in tabular form in Appendix D.

Tables 12 and 13 have abstracted a small portion of the data

for purposes of the present discussion.

Table 12 presents the average turbulence intensities by

wind direction and component for each level at all sites for

the 3-5 m/s wind speed class. The underlined values indicate

the wind directions in which significant tower effects on wind

measurements would be expected. It will be noted that in gen-

eral these coincide with relatively high turbulence intensities.

A prime example of this is found for the u component at KIXI.

Systematic variation of turbulence intensities with direc-

tion can be seen at all sites. At Lake Union the turbulence

intensities in the sector from WNW through NNW are significant-

ly lower than those found in other sectors, and the highest

values are found in the sector from SSE through SSW. This,

sector contains the major built-up area of the city. Compari-

son of the turbulence intensities in the southerly sectors at

KIXI with those in the ncrtherly sectors again shows the influ-

ence of the urban area. it will be noted that the intensities

for the upper level in the southern sector at KIXI are consid-

erably larger than those found for the same sector for the Lake

Union top level.

The SEA-TAC turbulence intensities also show a marked

directional dependence. Those winds having an easterly com-.

ponent arrived at the measurement site having spent a signifi-

cant period over the flat runway area. As a result the turbu-

lence intensities are relatively low. North and south winds

and those having a westerly component were influenced by

terrain and vegetation features which were of the same size
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TABLE 12. AVERAGE TURBULENCE INTENSITIES BY WIND DIRECTION

AND HEIGHT FOR WIND SPEEDS BETWEEN 3 AND 5 MIS

LAKE UNION KIXI SEA-TAC

" WIDHEIGHT (m) HEIGHT (M) HEIGHT (m)WIND

DIRECTION 6.9 12.6 24.8 482 77.1 95.4 7.1 27.5

U COMPONENT

N 0.27 0.24 0.18 0.17 0.15 0.12 0.22 0.18
NNE 0.28 0.29 022 0.17 018 0.19 0.21 0.16
NE 0.25 .23 0.19 0.17 0.20 0.18 0.17 0.12
ENE 0.17' 0.22* 0.18 0.19 0.18 0.20 I.16 0.13
, 0.32" 0.16 013' 0.17 0.18 0.1 0.13
ESE 0.24 0.23* 0,,3 0.15 0.12
SE 042 0.24 0.14 0.19 0.17 0.13 0l1
SSE 0.31' 0.33 0.27 0.24 0.20 0.19 0.16 0.14
S 0.26 0.26 0.23 0.18 0.29 0.28 0.19 0.19
SSW 0.26 (123 0.22 3.19 0.29 0.28 0.21 0.20

SW 0.24 0.24 0.22 0.17 0.28 0.26 0.22 0.20
WSW 0.25 01,2 0.20 0.17 0.27 0.17 0.23 0,21
W O.18 0,15, 0.20, 0.24 0.19
WNW 0.21 0.122 0.14 0.1 0.17 0.1* 0,4 019
NW 0.1 0.14 0.16 0.13 0.10 0.19 24 20. 1
NNW 0.20 0.17 0.12 0,12 0.25 0.20 0128 0.20

V COMPONENT

5N 015 0.11 0.12 0 0l12 0.10 0,24 0.18
NNE .16 0.16 01 0.14 0.12 0.16 012
NE 018 0,15 0 05 0.18 0.15 014 010
ENE 0,16' 017 0,17 016 015 0.16 0.1 011
.. 0.22 0.21 0.14 046 0.13 0.10
ESE 0.190 0.18' 0, " 08110 0.08
SE 045 018 0.am D 0i8 03 0.10 0.10
SSE 0,27' .29 02 (Lis8 0.17 016 034o 011

022 0.20 0,18 0.17 0,28 0,24 01 1115

SSW 0.22 020 017 016 0,30 0.26 040 0.17
S W 0.22 0.22 20 0.1 0sa23 0.1 9 , 0.?
WSW 0.26 0.18 0,16 014 03 0.16 a0l0 0l1

W 0.14 0.1' 0.10 01 01, 0.11' 0.2 0.20
WW 0.1? s ao 0121 ate2* 0.21 0.0

.. . NW 0.12 0.12 0.12 .ll 0,22 0319
m'W 0.12 0, 3 0.12 (110 0.19 0.16 a -a

w COMP0NENt
N .I1 010" a 0.01 0,1 1 0.11 0..13
NNE -a1 I1i 046c (L 00 0.11 .001
Nt I.i 0.1 a.1 014 06011 0,08

E0li0' 0.14 0.14 011 (10? 013 0.06 0,06
. 0.22 0.l8 0,106 011 o.14 0.07 006

ESE.20' 0.16 0.13 W.2 0.0 0106
SE a 20 a14 a a 14 0.06 c.lo
SSE 0.22s 0.26 0.2 0.14 0a11 0.16 0608 L
S 0.15 11,1? al1? 0.10 OL14 III? 0. 10 0.12
SSW 1114 0.16 0.16 a11 ii 16 1123 042 0.14
Sw 0.W 0616 0.16 0.12 0.13 0,21 a.12 11141
%vSW 0.16 0.15 I.1s 112 0. 13 0.16 0.14 0U6
W 0. 12 0.10D 0.16' 0.12 (114
WNW O00 0.12 0.12'6 0.15' O06 0.I a.13 a0.11
NW 0.06 019~ 0.11 006 0.12 03 9 0. 16 0.15
IiW0.13 0. ~ 010~ 0 . 1109 01 1 0 1
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TABLE 13AVERAGE TURBULENCE INTENSITIES BY WIND SPEED AND HEIGHT FOR AIR
1' FLOWING OVER REGIONS OF CONTRASTING ROUGHNESS IN AN URBAN AREA

NORTHWVEST SOUTH

U z / /
imis) (M) a u avl w a Vu o Wl

- - ~LAKE UNION014

3-5 6.9 0.179 0.121 0.0720.6021 L4
12.6 0a156 0.124 0.090 a.246 0.201 0.169
24.8 (.17 0.118 0.098 0.231 0.181 (.168
48,2 0.118 0.104 M.08 a.19 &.165 0.114

5-7 6.9 (x 155 0.095* 0.068 0X252* 0.211' 0. 144
12.6 0.143' 0.115* 0.07 0.237 0.196 0.157
X4.8 011100 0.083* 0.067' 0.219 0.172 0.155
48.2 0. 113 * 0.13o 0.069' 0201 a.147 0,.097

T7-9 6.9 0.121" 0.07'9 0.M~8 0.24?' 0.265' 0359,
0.138' 0.118' 0.068' 0.232 I (1.201" 0.158'

24.8 &1%6* 0.1030 0.80 0.218' 0,164' a 1510
48W 0.106' MY93 0.057' 0.196 0.132' 0.093f

9411 6.9 0.1211 0.137" 0.060's 0.2841" 0243" 0.139",
1M. ----- 033911 %M~311 .18
24.8 04431, 00Th 0.053" 0.208' 0.170' M
48.2 0.170"1 0.143", 0.10104 (197 .118"1 0.0930

K IX I
NORYN SOUTH

3-5 .71.1 il1y? 0.139 0.014 0L251 0.240 0.13?
95.40.16 0.114 018 0.245 &.215 0.198

5-1 11. O11* 0,1284, (1.069' M.26 (0M0.3
9540.136* 0. 1I M.12' 0.244' 0.17 e1i1'

7-9 1710.1630 0.120 0.065' 0.240) 0.231' (L152'*
9%4 0.138' .0' 17 00248" 0.216"9 a182"

9-11 771 0111, 0.123 0.061" 0.1011 0.wo2 0618111
V95.4 0.0W' 0.I04" 0.063 062W" 0221" 0.161"

'MUR 0F VALUAS AVERAGED

> 99 No SUPER SCRIPT

4 10. 19
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magnitu~de as the height of the tower. This resvited in turbu-V lence intensities which were approximately the same as those

observed for flow over the city.

Tindicates that, in general, turbulence

intnsiiesten todecrease with height. Theoretically,

* this .is predicted for the neutral boundary layer over homo-

jgeneous terrain since u* and the ratios of au , 5, anda

to u* are assumed to be constait. -It also follows that the

decrease of turbulence intensities should be inversely pro-

portional to the logarithm of height. This predictio is

supported by the. results described in the following sections.

The directional variation of turbulence intensities in

the urban area is examined in more detail in Table 13. In

this table, turbulence intensities have been averaged over

the three wind direction sectors centered on the indicated

;I. irections. In addition the table presents data for higher

wind speed classes. The data contained in this table show

i, "rthat turbulence intensities in air flow.bng over the large

urban roughness elements tend to be approximately twice those

in air flowing over smooth terrain.

RMS GUST VELOCITY MODELS, AVERAGE VALJUES

i -htRecently Skibin (1974) has indicated that the variation

of lateral gustiness with wind speeds above 2 /s can be

described by a relationship of the form

U2 +b/ (9-1)
40

where auis the rms wind dirtction fluctuation and a and b

are conetants. If (is expressed in radians, it is reason-

able to make tha substitution
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8 (9-2)
u

in Equation (9-1) giving

~b1_ a + (9-3)

This relationship shows that as the wind speed increases, the

lateral intensity of turbulence approaches the constant value,

a, asymptotically. As Equation (9-3) stands, the evalcahitn

of the constants is relatively difficult. Considerable simpli-

fication can be made by solving for gust velocities direct..

Equation (9-4) makes this change and generalizes the result to
all component rms gust velocities

=a7 u + by (9-4)

This relationship is linear and can easily be checked with the

survey data. The constants have been given a subscript y to

indicate that they are a function of component. A second sub-

script has been added to both the rms gust velocity and the

constants to indicate that they are also functions of wind direc-

tion (surface roughness).

The data in Appendix E were used to compute the geometric

mean rms gust velocities for each component as a function of

height and wind speed for sectors of contrasting roughness at

each of the sites. In general, the gust velocities uid not

vary significantly with height within a wind speed category.
It was therefore deemed appropriate to form weighted vertical

averages of the gust velocities. These average values are
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given in Table 14 and plotted in Figure 36. It will be noted

that in all cases the linear relationship between the rms

gust velocity and wind speed predicted by Equation (9-4) is

well satisfied. The separation between the relationships for

flow over smooth and rough terrain should also be noted. Fin-

ally, in comparing the relationship between rms gust veloc-

ities, and wind speed for flow over the rough sectors at each

site, it should be noted that for each component the largest

gust velocities occur at KIXI and the lowest at SEA-TAC. This

is intuitively the expected result.

TABLE 14. AVERAGE RMS GUST VELOCITIES FOR FLOW OVER SMOOTH
IAND ROUGH TERRAIN

motRough. i ~~~~SmoothWidSedm/ "'

Wind Speed (m/s) Wind Speed (m/s)
d 2 4 6 8 2 4 6 8

j Lake Union WSW--NNW SSE--SSW

0.412 0.607 0.847 1.05 0.579 0.947 1.38 1.81

0v  0.354 0.488 0.614 0.761 0.488 0.777 1.11 1.54

0w 0.230 0.334 0.416 0.495 0.393 0.619 0.853 1.14

KIXI NNW--NNE SSE--SSW

K -_ 0.418 0.680 0.951 1.18 0.648 0.983 1.51 1.83

0 o0.310 0.503 0.692 0.875 0.577 0.923 1.39 1.79

0.250 0.409 0.526 0.696 0.467 0.686 0.961 1.23

SEA--TAC N -- SSE SSW--NW

0.296 0.603 0.960 1.00 0.497 0.858 1.22 1.59
0 v 0.255 0.495 0.719 1.00 0.342 0.769 1.09 1.39

0.139 0.339 0.483 0.800 0.308 0.552 0.823 1.20
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Upper Level Gust Velocities Based on Surface Winds

The gust velocity model described by Equation (9-4)

assumes that the wind speed is known at the level of interest.

That is, if an estimate of the probability of exceeding a

given rms gust velocity at 50 m is desired for a particular

case, then the wind speed at 50 m must be known. The model
can be generalized to compensate for verticl variations in

wind speed in the following manner. Restating Equation (9-4)

a (z) = a u(z) + b

Y Y Y

the rms gust velocity and wind speed are shown explicitly to

.' be a function of the height of measurement of wind speed.

Using the logarithmic wind profile, Equation (2-4), the rela-

y tionship between the wind speed at level z and that at a refer-

ence level z. is

tn(z/z
iii ui(z) = Ur 0nZ/o  95

Ur /Z7~r 0

where r denotes a reference level at which the wind speed is

measured and zo is the roughness length. This relationship

may be used to eliminate u(z) in Equation (9-4), giving

Z() [ z ]Ur + b (9-6)

Equation (9-6) provides a means of estimating geometric

mean rms gust velocities at any height within the surface

boundary layer given the wind speed at one height and knowlege

of the surface roughness characteristics. The term in brackets
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on the right is a function of wind direction (surface rough-

ness) and stability. If it is assumed that the effects of sta-

bility are second-order and negligible in engineering applica-

tions, this term should be constant for each site, barring

changes in upwind surface roughness.

RMS GUST VELOCITY MODELS, FREQUENCY DISTRIBUTIONS

To fully evaluate the significance of a given rms gust

velocity, it is necessary to know more than the relationship

between the mean gust velocity and wind speed. It is necessary

to know the distribution of observed gust velocities about the

J. I mean. Figures 32-34 provide an indication that rms gust veloc-

ities may be distributed log-normally. This possibility was

examined graphically using the survey data.

The distributions of the longitudinal gust velocities

1during 3-5 m/s winds are shown in Figures 37-39. These figures,

which are reasonably representative, indicate that, indeed, the1' distributions are log-normal. In addition, they indicate that

the standard deviations of the distributions are essentially

independent of height as long as the same wind speed class is

4'! considered at each height. This is evident because there is

little difference in the slopes of lines passing through the

i data points for each height. Other groupings of the data indi-

I cate that these standard deviations are, to a first-approxima-

tion, independent of wind speed. Similar results were found

for the lateral and vertical rms gust velocities.

The probability of exceeding a given rms gust velocity may

then be estimated if the wind speed at the level of interest is

known. This can be expressed mathematically by

1 -130-
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-tP(G > c15) 1/ S d(zn a), (9-7)

:Yi
I

Y

where -is the value to be exceeded, a is the geometric mean
5'

estimated by Equation (9-4), and s is standard deviation of the
'Y

I y component rms gust velocity distribution. That is, s is the

- standard deviation of the natural logarithms of the observed

: values of ay. This assumes that the values of a obtained in

different tests with the same mean wind speed may be treated as
independent variables. The subscripts indicating directional

dependence have been dropped but not forgotten.

Table 15 yives the values of the parameters of Equations

is I(9-4),(9-6) and (9-7), i.e., ay, b and s The values of a
NY Y 'Y

.-Ij Aand b can be estimated directly from. rigure 36, and for that

reason need no further comment. On the other hand, the s values
Y

are not readily ascertainable. These values have been determined

by first plotting cumulative distributions on log-normal proba-

bility paper as done in Figures 37-39. Then the values ofs
S- are computed by dividing the difference of logarithms of the

values of the rms gust velocities at the 16 and 84 percent level

by 2.

The values of BY in the table indicate that the distribu-

tions of rms gust velocities in an urban area are significantly

broader for flow over relatively smooth terrain than they are

for flow over rough terrain. In the rural area terrain rough-

ness appears to have little effect on the distribution. The

relative contribution of thermal and mechanical factors in gen-

1I crating turbulence may provide the explanation for these differ-

ences. In the urban flow over the large roughness elements, the

-134-
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mechanical generation of turbulence may dominate the thermal

generation. In this case the distribution would be relatively

narrow. In the flow over relatively smooth terrain less tur-

bulence would be generated mechnically. In this case the

thermal properties of the upwind region could significantly

enhance or reduce the turbulence level under different condi-

- i tions. Thse processes would broaden the distribution of gust

velocities beyond that expected for mechanically generated

turbulence. Reasons for the relatively constant width of the

distribution at the rural site are less easily hypothesized.

Perhaps the distribution of rms gust velocities in the smooth

sector at the airport is controled by the roughness of the

terminal building on the opposite side of the runway rather
fli than the thermal characteristics of the concrete surface

between the terminal and the measurement site.

TABlLE 15. PARAMETER VALUES FOR RMS GUST VELOCITY MODELS FOR
FLOW OVER ROUGH AND SMOOTH TERRAIN

Smooth Sector Rough Sector
a b ss

Lake Union

v 0.11 0.20 0.47 0.20 0.17 0.27
0.067 0.22 0.39 0.16 0.19 0.29

0.045 0.16 0.35 0.13 0.13 0.24

KIX1

0.12 0119 0.56 0.20 0.25 0.38
00 0.086i 0.14 0.44 0.20 0.17 0.43

V

0.075 0.10 0.44 0.13 0.19 0.36

00.17 -0.060 0.26 0.18 0.14 0.25

0.11 0.034 0.29 0.15 0.16 0.29

w  0.092 -0.033 0.21 0.13 0.0-14 0.21
w
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RMS GUST VELOCITY MODELS FOR URBAN AND RURAL AIRPORTS

Parameter values for the rough sector at Lake Union and

KIXI have been averaged to provide a typical set of values for

use at urban aixports. These values, given in Table 16 are

appropriate for airflow across the built-up urban areas. For

a realistic contrast, corresponding parameters for flow across

a typical rural airport are given in the same table. The dif-

ferences in the relationship between rms gust velocities and

wind speed embodied in the parameter values in this table are

shown graphically in Figure 40.

TABLE 16. MODEL PARAMETERS FOR RMS GUST VELOCITY MODELS
FOR URBAN AND RURAL AIRPORTS

Urban Airport Rural Aixport
a s a b s

J! 0.20 0.19 0.29 0.17 -0.060 0.26

0.17 0.17 0.31 0.11 0.034 0.29

0.13 0.14 0.26 0.092 -0.033 0.21

: : ThTUS, the results of the sur~vey applicable to the evalua-

turn a rura gusot ie~s adter suobailediy Efquione- " !:: at urban and rural air,>ort sites are swutarized in Equations

(9-7) and (9-4) or (9-6) and Table 16. In the present form the

results can easily be progranwied for use in V/STOL flight simu-
lation. If these results are to be used f-o the design of V/STOL

aircraft stability and control features or in the determination
of airworthiness standardst they may be used with an appropriate

wind speed selected from a wind speed distribution such as given
in Figure 3-1 in Barr et al. (1974).
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CHM.iPTER 10

TURBULENCE LENGTH SCALES

The remaining topic in the description of turbulence in
urban areas is a discussion of turbulence length scales. Sev-

eral different length scales can be defined, and two are of

particular interest in the present context. These are the

length scale associated with the peak of a frequency or wave

number multiplied power spectrum [nS (n) or kS (k)) and the

integral length scale defined in Equation (2-10). In the

development of the urban spectral models [Equation (8-5) and

(8-6)] in Chapter 8. these length scales were explicitly

assumed to differ by no more than a constant factor, A (Equa-

tion (3-2)]. In this chapter, survey data will be used to

examine the variation of the integral length scales at each

of the sites. This variation will then be modeled and addi-

. .tional data will be used to provide estimates of the proportion-

ality factor for each component. This last step is particu-

larly significant since the ultimate use of a length scale in

application to the simulation of V/STOL aircraft flight is to

properaly position a power spectrum in wave-number domain. If

£ the spectra are improperly positioned the turbulence generated
may be either insignificant or t 'a severe.

FOllowing the developme:it of length scale models, the
observed lungth scales and the models devoloped from them will

be compared with length scales observed at other locations

and existing models. Finally, there will be a short section

in which survey data are used to examine the isotropic rela-
tionships between the rms gust velocities and length scales
for the von Karman and Dryden spectral models.

-138-
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OBSERVED LENCTH SCALES

During the summary of climatological data, tabulations

were made of the distributions of the component integral time

* scales (length scales divided by the wind speed) for all wind

speed classes. From these data tabulations, presented in full

in Appendices F and G, Figures 41-43 have been prepared to

I examine the length scale distributions.

I Remembering the cautionary note on comparing observed fre-

quency distributions between sites, the resemblance between the

respective distributions at Lake Union and SEA-TAC shown in

these figures is striking. This indicates that there is littleVdifference in length scales at the two sites. A second poten-

tially significant feature is the manner in which differences

between length scale distributions for the lower instrument at

KIXI and those for the 7 m level at Lake Union and SEA-TAC are

reduced in the comparison of upper level length scales. They

are negligible in the upper level comparison of the horizontal

41 components and are significantly reduced for the vertical com-

ponent.

Effects of Atmospheric Stability

As with turbulence intensities, length scales computed

from the intensive measurement program at Lake Union were

examined to identify possible effects of stability. The geo-

metric mean length scale for each component was computed from

the measured values at 12.6 and 24.8 m. These values were

then plotted against m, resulting in Figure 44. As no

dependence was readily apparent, no further efforts were made

to classify length scales by stability.
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Effects of Wind Speed, Direction and Height

During summarization of the climatological data, average
length scales were computed for each component for each wind

direction and speed category. A complete tabulation of these

values for the survey sites is contained in Appendix F. Table

17 has been abstracted from the data in that appendix.

Table 17 is similar to Table 12 in that the average length

scales for-each component are presented as a function of wind

direction and height. The wind speed at the height of measure-

ment was in all cases in the 3-5 m/s class. This last point is

important and will be developed further. Examining the data in

the table there are no systematic directional changes in length

scale as were apparent for the turbulence intensities. In

addition, comparison of the average length scales between

heights and sites indicates few differences - the only notice-

able difference occurring in the average vertical length scale.

'k These results were puzzling.

Evidence was sought for a directional variation in length

scales at Lake Union and KIXI by examining those sectors which

should have shown the greatest differences as was done for tur-

bulence intensities. The resulting tabulation of the data is
contained in Table 18. Significant directional variation was

j not found. However, examination of the data in the table indi-
cates that at any given height the horizontal length scales
tend to increase with increasing wind speed. This was the sec-

*1 end unexpected finding with respect to length scales. These

results will be examined in more detail in the following sec-

tion in which length scale models will be developed.

Prior to accepting the actual magnitudes of the length

scales shown in Tables 17 and 18 or Figures 41-4 3, the data in
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TABLE 17.AVERAGE LENGTH SCALES IN METERS BY WIND DIRECTION

AND EIGT FO WID SPEDSBETWEEN 3 AND 5 MIS

4:LAKE UNION SEA-TAC KIXI
WIND HEIGHiT(m) HEIGHT (m) HEIGHT (m)

DIRECTION 6.9 12.6 24.8 48&2 7.1 21.5 77.1 95.4
U COMPONENT

N 31.3 30.1 32.1 34.5 33.4 33.4 3X1 35.8
'INNE 306 39.4 38.1 35.5 26. 36.4 35.4 29.0

NE 27.7 32.6 37.1 33.9 30.7 31.5 33.2 26.8
[NE 1.5' 24.1' 31.2 36.0 23.1' 23.8 29.3 35.0

*C25.6' 28V 170 X64' 35.6' 47.9' 510'
ESE 31.5' 30.9' 26.8' 1.4' 708'
SE 21.6' 32.5 6Z.2 39.5' 24.6 3X6 31.9
SSE 22.7' 29.8 40.7 37.4 26.6 33.5 39.3 32.8
S 34.2 3V7 415 4.8 343 32.9 42.6 37.6
SSW 35.2 38.0 41.6 47.9 33.8 36.2 30. 37.9
SW 34.9 41.4 40.0 41.8 33.7 37.0 39.4 37.6
WSW 25.8 33.1 3X9 42.4 27.3 33.6 18.8 26
W X63 40.3' 26.6 27.9 14.6'
WNW 48.2 32.4' 37.7' 48.6' 29.& 3X5 16.3 14.3'
NW 41.6 42.9 35.1 383 R02 35.2 3.' 41.8
NNW 41,) 37.0 38.1 38, 22. X). 45.9 43.6

ALLOIRECTIONIS 31.5 37.8 3Us 40.6 3IL3 342 X81 35.

V COMPONENT
N 36. 28.1 29.7 30,1 2417 M5 29.4 3.
WNE 29,2 31.6 28.8 I5. 2.0 24.7 U61 22.6

NE 5. 2,0 29, 2.7 239 24.4 26.2 M05
ENE 11.' M88 16.8 24. 27.5' 24.0 203 24,3
E 6.8' 3%4 K66 14 211,76 no0 I,,*
151 me*8 13.?' 19.4' 11.' 2.1
ST321 23.3 2)11 2.6' 17.9 &S. 26.8
SSE 16.? 16.) X?. M. 22.1 2?.4 30 2641
S 25,9 25,7 27,9 37.8 no. a?. 310 U118
SSW 308 A). 29.9 32.5 21.0 25.1 11.0 28.3
SW 2It8 1,4 32.6 3,5 26.3 2M 3.2 30.2
WSW 240 2M. 20. A6. 26.7 20.7 35.9' 39,
W 3U.0 26.3 30,9 41.8 u4'
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NW R7. )%.1 212 V2.7 X29 2)J 508' 40.
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SS 1413.2 14V M3. 1162 1"322.1 .
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35. M6 .II03 24.6 31.4 ILI 10 36.0 11.0

AU 0111VIONS IL7 It.0 124 244 ILA4 19. 2. k?.
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TABLE 18. AVERAGE LENGTH SCALES IN METERS BY WIND
SPEED AND HEIGHT FOR AIRFLOW OVER REGIONS
OF CONTRASTING ROUGHNESS

Northwest South
L L L L L

U Z U V w U v Lw

(mis) F
LAKE UNION

3-5 6.9 42 33 14 34 28. 11.
12.6 4Q* 32* 17* 38 28 14
24.8 37 26 21 42 29 17
48.2 3 9 29 25 45 29 28

V 5-76.9 54* 46* 2*42* 3* 1
12.6 57* 48* 23* 5Q* 34* 15
24.8 43* 37* 19* 54 35 1
48.2 56* 39* 34* 60 35 24

7-9 6.9 60** 46** 16** 38'' 62'' 3.'
12.6 64' 76' 21' 42** 42** 1*
24.8 86** 68** 24** 68* 35* 22*
48.2 63' 50' 28' 73* 3(5* 23*

9-11 6.9 58'' ill, ' 9' 57'' 62'' 10''
12.6 -- - 1021' 50'' 12"'
24.8 63'' 126'' 63'' 60, 53' 20'
48.2 48'' 31'' 45"~ 94* 52* 32*

North South

3-5 77.1 39* 28* 25* 39 31 23
95.4 37* 29* 24* 36 27 27

5-7 77.1 56* 37* 26* 49* 35* 24*
95.4 49* 41* 28* 45* 32* 28*

.. ' 7-9 77.1 56** 50** 33** 46* 36* 18*

f,95.4 60' 70' 29* 51' 40' 26'
9-11 77.1 53'' 56'' 25'' 56'' 34"' 16''

95.4 521' 47'' 32'' --1- -

9'1 cbsrvations no superscript
20 -99 observations
10 - 19 observations *

5 -9 observat ions
5 observations '

{ -146-
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.j. Table 9 should be reviewed. In addition, the discussion on
length scales which follows should be read. It is evident

that a correction factor between 1 and 2 should be applied

to the tabulated values, but the actual factor to be used may

be a function of the ultimate use of the data.

-A; LENGTH SCALE MODELS, AVERAGE VALUES

In the previous section, two interesting features concern-

ing the behavior of the horizontal length scales were noted.
.  These features were the increasing length scale with increasing

wind speed and the constancy of the length scale with height

when individual wind speed categories were examined. These

features were not reflected in existing length scale models.

As a result, the survey length scale data have been used to

develop a new set of length scale models which properly account

for both characteristics.

A To set the stage for the develotwnt of these models,

Equations (2-4), (2-9), and (2-10),e r restated

Ln* (2-4)
Y2

J~ R (t) dt , (2-9)
0

and

5->::L U ( 2-10)

These eqAations are: the logarithmic wind profile for neu-

trally sti-ti: ied atmospheric boundary layers; the definition
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of the integral time scale for each component; and the relation-

ship between the integral time scale and the integral length

scale under Taylor's hypothesis.

Data collected during the survey and in most ground based

meteorological measurement programs are wind speed time series.

The mean wind speed and the time scales may be calculated from

-Ai these series without the need for an assumption relating the

temporal and spatial characteristics of the wind. Thus, time

scales should be examined in any basic modeling attempt.

Length scales were examined in the previous section for

directional variation by wind speed classes. In essence this

was equivalent to examining the time scales for directional

dependence. Having found none, the data for all directions

were combined and average time scales were computed for each

height and wind speed category. The resulting averagcs, which

are presented in Table 19, form the basic data set used in the

length scale model development.

In perusal of the data in this table several salient facts

should be noted.

*-The time scales for the horizontal components behave

in a similar fashion.

* The time scale for the vertical component behaves dif-

ferently than the horizontal time scales.

_ The magnitude of horizontal time scales is essentially

the same for all sites within a wind speed category.

* The horizontal time scales within a wind speed c4ategory

do not change significantly with height.

, The horizontal time scales decrease slowly with increa-

sing wind speed.
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TABLE 19. THE VARIATION OF INTEGRAL, TIME SCALES WITH
HEIGHT AND WIND SPEED

Mean Wind Speed
Site Height 0.75 2.0 4.0 6.0 8.0 10.0 12.0

u Component

Lake Union 6.9 12.0 10.0 8.9 7.9 6.9* 5.8* --

12.6 12.0 10.0 9.4 8.8 6.5 10.0* 5.5*
24.8 13.0 11.0 10.0 8.8 8.9 6.1* 13,0*
48.2 13.0 11.0 10.0 10.0 9.0 9.2 10.0*

KIXI 77.1 12.0 11.0 9.5 9.2 6.3 5.4*
95.4 1.2.0 10.0 9.0 7.8 7.5* 5.2*

SEA-TAC 7.1 11.0 9.2 7.8 7.9 6.1* 4.2*
27.0 9.2 9.4 8.6 8.2 7.7 7.4 -

v Component

Lake 'Union 6.9 12.0 9.2 7.4 6.4 6.2' 8.6*
12.6 11.0 8.8 7.2 6.4 6.6 5,Q* 3,5*
24.8 12.0 9.2 7.1 6.4 5.2 6.9' 3.0*

H48.2 1.3.0 10.0 7.8 6.0 4.6 5.2 8.9*

KIMI 77.1 8.7 9.1 7.4 6.3 5.4 4,7*

95.4 10.0 9.31 7.0 6.3 7.0* 4.7*
S "A-TAC 7.1 9.3 8.0 6.4 5.5 5.7* 6.3* -

27.0 1.2.0 8.2 6.3 5.4 4.3 4.4* -

w coonent

Lake Union 619 6.0 4.2 2.9 2.6 1.8* 1.*-
12.6 7.7 5.4 3.5 2.9 2.2 1.2* ,4*
24.8 8.7 6.4 4.4 3.2 2.fl 3.0* 2.0
48.2 9.6 8.7 6.6 4.3 3.0 3.3 3.5*

XXXI 77.1 7.0 6.9 5.8 4.1 2.9 2.1* -

95.4 10.0 8.4 6.2 4.7 3.4* 3.2*

SEA-TAC 7.1 4.0 3.9 2.9 2.3 2.1' 1.2w -

27.0 6.4 5.8 4.3 3.3 3.31 3.3.*

Average or lesg* tfian 2M obse-ivations.



4 The vertical time scales increase with height.

*The vertical time scales decrease rapidly with increa-

sing wind speed.

These facts make it plain that the horizontal and vertical length

scales should be modeled separately.

V Horizontal Component Length Scales

The horizontal velocity component length scale behavior is

less complicated and is therefore modeled first.

The observations made with respect to the horizontal time

scales indicate that they are not directly related to height and
that they are only weakly related to wind speed. The relation-

ship between those time scales and height is qualified because

* in the atmospheric boundary layer the wind speed does not remain
constant with height. To examine the relationship between wind
speed and these time scales, averaged componont time scale

data from Table 19 were plutted against the mean speed category.

F~iure 45 resulted. The bars through the points indicate the

raie o vauesin Table 19.

The wind speed axis represents the wind speed at the actual

level of measurment. The relationship between the time scales
and wind sed can be well represented in both casep by the form

U, uv (10-1)

A where 13 and c are slightly diff~erent for the two components.Y Y
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The exponent for the longitudinal time scale is approximately

-0.2 and that for the lateral is -0.3.

Now, returning to the consideration of horizontal compon-

ent length scales, Equation (2-10) may be rewritten and extended

to

L(z) =u(z) i= (z) " .(10-2)

YY Y

This length scale is valid only at the level having the wind

speed used in the computation.

Vertical Component Length Scales

The development of a vertical length scale model is slight-

ly more complicated since the time scale varies both with wind

speed and height. To examine the variation of vertical time

- scale with height, the time scales in each wind speed category
S -in Table 19 were plotted separately as a function of the loga-

rithm of z. F-igure 46 shows a composite result fo wind speed

categories between 2 and 10 m/s, Open and closed symbols have

- "been used to distinguish between data from adjacent speed

Classes, i.u., the first set of openi symbols on the left side

of the figure correspond to u 8 B r/s, the adjacent set of

A:: closed symbols correspond to u 6 ni/s, etc. On the basis of

the logarithmic behavior evidenced in this figure, the time

scales, normalized by t z were plotted against wind speed.

Figure 47 shows the result. The variation is not that of a

simple power law. However, for wind speeds of interest for

flight simulation, a simple power function may be adequate.

- I Continuing under that assumption, the relatioaship suggqsted

for wind speeds greater than 3 rk/s is

-152-
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wt /kn z = B u(z) w (i0-3)

W W

Using this relationship, the basic vertical length scale

model is

l+c
L (z) B u(z) wn z (10-4)

Again the model gives a length scale which is applicable only

at the height of the wind speed which is used.

If it becomes important to model the vertical length scale

at wind speeds less than 3 m/s, the more complicated model,

2.5 u(z) kn z
L (z) = (10-5)
W [1 + 0.23 u(z)]

should be used.

.'V Relationship To Spectral Peaks

Since the primary value of the length. scales in aeronau-

tical application is the positioning of spectra in wave number

space, it is appropriate to recast the length scale models

given in Equations (10-2) and (10-4) to provide input needed

for the spectral models given in Equations (8-5) and (8-6).

Recalling Equation (8-2),

(Am) 2Tr L' 2v A L , (8-2)

where X is the wave length at the peak of the spectrum, L'

ij is the corresponding scale length, and L is the integral

I length scale just modeled. 'his relationship contains a
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single unknown, A 7 which may be evaluated using the data con-

tained in Tables 9 and 10.

{: When models are developed for L' ,a product of the con-

stants A and B appears. This product is denoted by D . The
Y Y Y

coefficients in the integral length scale models can be evalu-

ated using data in Table 9 and the models. These constants

have been evaluated with both the intensive and climatological

measurement program data. The results are contained in Table

20. For each component the parameter values determined from

SI the intensive measurement data are on the upper line, while

those evaluated from the climatological data are on the lower
line. The values of c were obtained from the climatological

data presented in Figures 45 and 47. It will be noted that
the values of D are generally the same. This reflects the

I/ Y
use of the single set of composite spectra from the intensive

measurements at Lake Union in the evaluation of A This was
I done because considerably more confidence can be placed in

them than could be placed in composite spectra for the corre-

sponding climatological data.

Using these coefficients, the length scale models for use

with the spectral models become

U(Z) 18 (Z) 0.8 (10-6)

L (z) 12 (z), (10-7)

and

L' (z) = 3,2 u(z)0.2 Zn z . (10-8)
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These forms are convenient for use in flight simulations whereK a wind speed profile is readily available.

TABLE 20. LENGTH SCALE MODEL PARAMETER VALUES
A B c D

Component _ B _Y D

u 0.71 25 18
1.5 12 -0.2 18

!4" v 0.54 20 111.3 10 -0.3 13
iiw 0.57 5.6 --- 3.2

0.85 3.7 -0.8 3.1

Ii Upper Level Length Scales Based on Surface Winds

In some cases it may be desirable to estimate length scales

at a level different from the height of a wind speed measure-

ment. In particular, these 'cases might arise when evaluating

the suitability of V/STOL port sites. To adapt the length

scale models given in Equations (10-5) through (10-7) for this

use, it is necessary to introduce a wind profile relationship.

Equation (9-6) related the wind speed at an arbitrary height,

z, to a reference height, z , for which wind speed data is

available through the logarithmic profile. This relationship

4 is repeated here.

- n(z/z 0 )
u(z) = Ur An(z/zO) (9-6)

"A , 1Remembering that z is a function of wind direction, this rela-

KT tionship may be used to replace the wind speed in Equation

(10-6) through (10-8) (a function of height) with a wind speed

Sfor a single level. When this is done Equations (10-9 through

(10-11) result.
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n(Z/Z) 0 8 [ n(z/z (10-9)

12

Sv ( = n r )]0.7 ur ,n(z/z (10-10)

IL (z) " [3.2Vr £n(Z/z)0.2  n z. (10-11)

Lt w [(Zn zr/zin]O*2 o0, in (z r/Z o

For a given wind direction, the leading term in each of theseequations is constant. Thus, when the roughness length is

Aestimated and the reference height is known, this term may be
I reduced to a single value. In addition, if the roughness

length is about 1 m or the lIn zi >> Izn zo1, the roughness

blength may be neglected without introducing a significant
error. In these forms the length scale models can be readily
applied to V/STOL aircraft design and certification by use of
an appropriate windspeed taken from the distribution given in

*. Figure 3-1 of Barr et al. (1974).

LENGTH SCALE MODELS, FREQUENCY DISTRIBUTIONS

iAs with the rms gust velocities, the modeling of mean
* length scales does not provide a complete description. In each

wind speed category at each height, if there were more than a
single observation, a distribution of observed values existed.
These distributions must be modeled to satisfactorily complete

the description of length scales.

Figures 41 through 43 provide indications that a log-normal

model might prove to be suitable. This is, in fact, the case.
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Figure 48 shows the distribution of vertical length scales

observed in the climatological measurement program. The dis-

tributions for three wind speed categories at 6.9 m and for the

3-5 m/s wind speed category at the 12.6, 24.8 and 48.2 m levels

are shown. The slopes of different curves are similar which

indicates that the standard deviation of the natural logarithms

of the vertical length scale are independent of wind speed and

height. The distributions, themselves, are positioned by the

mean length scale which is a function of wind speed and there-

fore of height.

On the basis of the conclusions drawn from Figure 48, it
can be hypothesized that the standard deviations for the longi-

tudinal and lateral length scale distributions are also inde-

pendent of wind speed and height. This hypothesis was verified

using the length scale data and found to hold within the limits

of the observed conditions. There were insufficient observa-

tions during high wind speed conditions to check the hypothesis

in wind speeds above 7 m/s. However, horizontal component

length scale data presented by Brook (1974) for wind speeds

i above 7 m/s lend additional support to the hypothesis.

Assuming the validity of the above hypothesis, it is pos-

sible to estimate the probability of observing a component

length scale, Ly, within a finite range Z - e to £ + c through
Y Y

the conditional probability statement

Jn r L £n L\ ,
Z- L * l) = 1 exp -/2's-' d~£n L)

~"/2 S' fs

(10-12)
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where u is the wind speed, s' is the standard deviation of the_ Y
values of tn(L ), and L is the geometric mean length scale for

Y Y
the given wind speed. This, of course, is the model used for

the distribution of rms gust velocities restated for length

scales.

Thd values of s' obtained from the survey are given in

Table 21. It should be noted that there is little variation in

the values between components or sites. A single value, s'

0.5, could be used with little loss of accuracy of the model.

The length scale models given in Equations (10-2) and (10-5)

provide usable approximations of the geometric mean length

scal~es.
........

TABLE 21. STANDARD DEVIATIONS OF Xn(L )

Component
Site u _ _ v Lw

Lake Union 0.48 0.53 0.50

KIXI 0.49 0.49 0.488SEA-TAC 0.•51 0 .53 0.•48

LENGTH SCALE MODEL EVALUATION

The proof of models is in evaluation with-data. The length
scale models just developed are based on data so that they can

a priori be assumed to represent the survey data reasonably

well. However, a question of the generality of the models still

exists. In this section the survey length scale data and the

models described by Equations (10-6) through (10-8) will be com-

pared with previous data and length scale models.
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Comparison With Data From Other Locations

I Teunissen (1970) compiled and presented recent atmospheric

data on longitudinal and vertical length scales. The longitudi-

nal length scale data are shown in Figure 49 with his suggested

model. To these data have been added the extended test data

from the survey sites, the climatological data from Lake Union

which were presented in Table 9, the BNW longitudinal length

scale model, and the data from Victoria, Australia, recently

published by Brook (1974). It is clearly evident that the BNW

model is a good fit to these data, particularly above 10 m.

The vertical length scale data are shown in Figure 50.

The same additions, except for Brook's data, have been made

to the data originally presented by Teunissen. In this case,

it is apparent that the survey data from the lowest two levels

at Lake Union and the lower level at SEA-TAC indicate longer

length scales than would have been expected at those heights.

A possible explanation can be found for this in the
response characteristics of vertical componenc anemometers.

According to Horst (1972), vertical Gill anemometers placed

at a level of 7 m underestimate the true variance of the

vertical wind component by about 35 percent. Since the lost

fraction of the variance would be in higher frequencies, the

observed autocorrelation function would decrease more slowly

than the true autocovariance. This would in turn be trans-

lated into an overestimate of the vertical length scale. This

effect will be shown clearly in the chapter discussing the

response of the cup anemometer to turbulence.

However, the vertical component power spectra do not show

evidence of a significant loss of energy in the high frequencies.

In addition, when the vertical component spectra for all levels
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at Lake Union were plotted as a function of both nz/i and n,
the data organized better in the latter case. This is consis-

I. tent with the model developed earlier in this section.

In view of the discussion above, a vertical length scale
model in which the length scale is proportional to the height,

$. Isuch as offered by Teunissen, is considered to be a reasonable

I alternative to Equation (10-8).

Z4 Teunissen did not present a comparable compilation of

lateral length scale data.

Comparison With Other Models

- In addition to comparing the survey results with other
data, it is instructive to compare these data and models with

SI length scale models which either are currently used in flight

.I simulation or have been suggested.

Table 22 lists the models which are to be compared. The

models labeled BNW are those which were developed in this study.
The models of Teunissen are the result of a literature revAew
and are entirely empirical. The aodels of Barr et al. (1974)

were recently developed for the FAIN for use in flight simulator

certification of landing and approach guidance and control sys-
tems. They are based on both theoretical considerations and

• data* althouqh the gx .er weight Seems to have been place4 on

theory. Luers (1972) taas provided horizontal length scale esti-
mates based upc Teunissen.s vertical scale length model, models

..... of the ratios of au' v and c to u,, and the Dryden spectra

isotropic relationships. These models were derived without

specific reference to data, although they were compared with
-data. They are included to indicate the-Jssible errors in this

approach to modeling. The lateral length scale =odel of Vi, -htl
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and McVehil (1970) is one of the few models for this component

which is based on data. Their data were taken in neutral sta-

bility between 18 and 150 m. The Busch and Panofsky (1967)

model has resulted from the evaluation of spectral data. And,

finally, the Dryden and von Karman MIL-SPEC length scale models

are those contained in a recent revision to MIL-F-8785B(ASG)

(Chalk et. al., 1973).

In Figure 51 the longitudinal length scale models listed

A. in Table 22 are shown with the survey data. It is interesting

to note that the models developed primarily from theory do not

adequately represent the data.

The four lateral length scale models are compared with the

survey data in Figure 52. Again the data follow the two models

based on data better than those based primarily on theory. The

scatter of the data, particularly between the extended tests

and climatological observations, is the result of the differ-

once in sampling times.

Comparison of the survey data and BNW vertical length

scale model with the comparison models in Figure 53 shows that

none of the comparison models adequately describe the data.

The vertical length scales observed at low levels were signifi-

cantly larger than would have been predicted. This might have

been considered an urban effect had not the SEA-TAC length

scales been the largest.

,:: I An interesting feature of these last figures is that they

. 4, show the length scales needed to properly position the respec-
tive spectral models are less than the integral scales computed

from the intensive measurement data. This indicates that there

is -nergy in turbulence at low frequencies which contributes
excessively to the integral scale. This energy remains even

* i-167-
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though the data have been high-pass filtered through the finite

record length and detrending. The use of length scales derived

from the fitting of models to spectra is more appropriate for

application to aircraft flight simulation than is the use of

the observed integral scales. If the observed integral scales

are to be used, a correction factor should be applied to

account for the excess low frequency contribution.

LOCAL ISOTROPY RELATIONSHIPS

Before leaving this section one final topic deserves

attention. That topic is local isotropy relationships between

te turbulence length scales and variances. These relation-
- sohips, are derived for a given set of spectral models by re-

iuringj that the turbulence represented reduce to isotropic
F'jfi

W urbulence at high frequencies, frequencies which are well

b.ayond those of importance to aircraft. As a result of this

.ij derivation,' the specific forms of the relationship vary from

one model_ to the next. Chalk et al. (1973) give the relation-

ship

L 2L 2LW

U v W(Q3: i. u2 %2 Ow-- (10-13)
2 2 2
u V w

for the Dryden models, and

j

for the von Narman models-
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These relationships are used in conjunction with models for

the three length scales and a model for the rms gust velocity

of one component to estimate the rms gust velocities for the

other components.

In view of the failure of the survey turbulence data to

demonstrate a classical inertial subrange which should accom-

pany local isotropy conditions, these local isotropy relation-
ships were examined using the data presented in Table 10. The

average of values computed for each of the terms in Equation

j (10-12) are shown in Table 23. Those corresponding to the

terms in Equation (10-13) ar.. shown in Table 24.

TABLE 23. EVALUATION OF THE DRYDEN SPECTRA

ISOTROPY R~ELATIONSHlIPS

L/ 2L 2 Lb2
He-h uU v V w w

Extended
Tests 6.9 39 92 62

12.6 42 91 45
24.8 43 104 45
48.2 51 17110

climatological
Data 6.9 23 68 52

12.6 27 65 43
24.8 27 62 38
48.2 27 66 95

jin both tables the variation oi values is large. Had cither

isotropy relationship described the data, the values in the

table corresponding to that relationship would have been

~~fapproximiately Lhe same at each level. Significant errors

~~ would have beon introduc~ed into rmis gust velocities computed

using either relationship. it is better to model all rms
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gust velocities and length scales eirectly than to trust extrap-4 olation from theoretical relationships at frequencies beyond

the threshold of aircraft dynantic response.

TABLE 24. EVALUATION OF THE VON 1KARMAN SPECTRA ISOTROPYI RELATIONSHIPS

Height Lu 2L 2Lo/u 2L(ww

Extended
Tests 6.9 70 98 242 110

126 82 112 152 7
248 104 140 180 76

48.2 138 176 S98 162

Cl imatological
Data 6.9 35 6B 156 84

12.6 43 72 104 60I24.8 49 64 100 44
48.2 65 56 556 114
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-CHAPTER 11

SPATIAL ASPECTS OF TURBULENCE

p! The last chapter completed the discussion of the conven-

tional, 1-point turbulence data collected during the survey.

In this chapter, spatial aspects of turbulence will be consid-

ered.

During the survey, turbulence measurements were made at

13 points in a three-dimensional array of instruments at Lake

Union. This array was specifically designed to provide data

i Iwhich could be used in description of the spatial aspects of

turbulence in an urban area. The data from 6 periods of selec-

ted intensive measurements have been subjected to initial anal-

_T . Iysis. However, a suitable framework has not been developed

within which the results can be suimnarized. In fact, it is

evident that there isn't a consensus about the proper way to

I analyze the data.

I SPACE-TIME CORRELATIONS

'The analysis which has been completed has included com-

putation of the spatial correlations for each of the separa-

I tions between instruments along the longitudinal, lateral and

vertical lines of instruments. For this analysis, the wind
3 aata were rotated so that the u-component of the wind repre-

sents the wind along the longitudinal tower axis.: In this

reference frame the mean crosswind component is not zero unless

the mean wind vector parallels the line of towers. This isj- similar to analyzing the .data in an aircraft axis referecce

system.
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Figures 54 and 55 show space-time correlograms for longi-
tudinal separations in two of the tests. The case depicted in

Figure 54 is that of wind parallel to the longitudinal axis of

the tower array. The mean wind speed was 6.2 m/s at the 24.8

m level, and of course there was no crosswind. In the other

'4' test the mean wind speed at 24.8 m was 11.5 m/s at an angle
of 240 from the tower array longitudinal axis, giving a longi-

-' Itudinal component of 10.5 m/s and a crosswind component of 4.7

rn/S.

*, These correlograms have several features in common. First,

the Eulerian space and time correlations represented by the

*, isopleths crossing the coordinate axes (time lag = 0 and longi-
tudinal separations 0, respectively) decrease most rapidly

for the vertical wind component. Second, the maximum correla-

tion tends to be aligned along the line labeled x ut in the

--- • .. first case and x = l cos 8 in the second. If Taylor's hypota-

esis that the space and time correlations are the same when

*x ut were to be fully verified, the maxin-,um correlations
would fall exactly along this line. As it is, the line of max-

imum correlations falls just above the x ut line. This indi-

cates that the turbulence is advocted slightly faster than the

mean wind speed would indicate. Elderkin et al. (1972) and

Elderkin and Powell (1971 obtained similar results in measure-j meaots of turbulence over the desert at Hanford.

V To fully describe the behavior of space-time correlations,

I an additional 3 correlograms would be needed for each case
(each correlogram treating the three wind components). One

corrologram would be required for lateral separations and two

for vertical separations. Two correlograms are required for

the vertical because the spatial correlations decay differently

4. ,for increasing separations depending on whether the reference

level is chosen as the upper level and the second level
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descends or the lower level is the reference level and the sec-

ond level ascends. In the first instance the correlation will

T decrease slowly at first, then more rapidly as the second level

,A. nears the surface, while in the second instance the correlation

will decay rapidly at first then more slowly at large separa-

tions.

The longitudinal correlograns for lungitudinal separations

were shown because they can be readily interpreted in terms of

horizontal aircraft flight. To illustrate, a typical correlo-

gram is shown in Figure 56. This correlogram includes both

positive and negative longitudinal separations to lacilitate

the description, although all the information is conta.lned in

the top half.

.1 if an aircraft were capable of flying with infinite speed

i.nto the wind, tile correlation of gusts experienced by the air-

craft would decay as the spatial correlations. This is repre-

sented by tile isopleths of equal correlation crossing the

positive longitudinal separation axis. As the -aircraft slows

down, the corre~lation Lexporienved is rprosented .ythL inter-.

s.etion -of th isopleths With tile l

where v is the component of the aircraft ground speed iii the

J, d~irectiot opposite the wind and ~'is the angle from the po s -

tive time lag axis. When the airc.raft ground speed reaches 0,

i.e., the aircral-t is in a hover, the corrolatin decays as

tho time series autocorrelation. Since the autocorrelation is

all ev'on function, the autocorrcilation decays identically for

positive and negative titw lags.

If the aircraft starts to fly in the same direction as

the wind (v~ negative), tho corrolatiovs are still reprosented

A
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by the intersection of the isopleths and the line given by

Equation (i-I). The correlations persist longest when va = -u.

This condition gives the maximum integral time and length

scales. As the speed increases, the time scale gradually

reduces to zero at v = - and again the aircraft experiencesa

only a spatial correlation. The spatial correlation is an

even function, assuming horizontal homogeneity. Thus, the
information contained in the third quadrant is mirrored in the

first.

To summarize the discussion, Table 25 has been prepared.

TABLE 25. SPACE-TIME CORRELOGRAM INTERPRETATION

1 Condition Interpretation

Time Lag 0 v

Longitudinal Separatio, 0 va 0

Region I va + (into wind)
Region II 0 ( -Va <- (with wind but IV < u)a a
Region III -v > (with wind btvt Iv I > 0)a a

:' .... WIND SHEAR

IN secon set of spatial analyses, all components of the

wind shear in each of six cases were examined. Again no con-

clusive results are available, but the sumutiarization of the

S1data themselves may be of interest.

As a starting point wind shear may be expressed in finite

differences as
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A u.
Si- (11-2)ij Ax.

where S. is the shear, ui is component of the wind in direc-iJ 1
tion i, and x. is the distance in direction j. The double sub-
script on the S indicates that it is a second-order tensor,

i.e., its number of components depends on the maximum values

of i and j. In this case i and j both have maximum values of

3, which gives 9 components of shear.

Without losing any generality, the shear tensor can be

divided into mean and fluctuating parts by introducing Equation

(2-7) into Equation (11-2). Thus,

U A u' (t)
Si +A. (11-3)

Jj j

By averaging t is equation, the mean shear of any component can J

be shown to be just the shear in the mean of the component.

The mean value of the fluctuating part of the shear is zero.

Specification of wind shear in cases of atmospheric stability

which result in a decoupling of lower and upper level winds

can not be treated by boundacy layer measurements alone. If,

however, it is assumed that the mean shear for a component can

be specified through measurement or a profile model, the problem

of specifying the shear experienced in a particular case is

reduced to specification of the fluctuating or turbulent part

of the shear.

One approach to this problem is to treat the turbulentI shear as a random variable and attempt to define its distribu-

tion. If this can be done, then the probability of significant
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shears occurring in a given mean shear condition can be esti-

mated.

It has been established that the mean turbulent shear

for any component is zero. It remains to determine the higher

moments of the distribution. In this discussion only the sec-

ond moment will be treated, but the third and higher moments
T could be treated in the same manner. If the Einstein summa-

tion convention is disregarded, the variance of the turbulent
shear can be written

A u. A u.2 i
°S 2A. Lj . ,j (11-4)

where the overbar indicates averaging. Expanding the right

i ,hand side of Equation (11-4) and adding the second subscript

'I to u. to indicate the position of measurement,

A u, Au. I~F~ u
•U i  Ui2 ili(----2 Uil)

Ax A x Ax 4x

Ax A Ax Ax Ax. AXj

uj Uj u 2 Uj 2 uj Uj] u~it Uil + i2 1i2 2il u12 15
Axj Axj AXj x. A X AX

In the last form the variance of the turbulent st,ar is seenJ
to be the difference between the sum of the 1-point variances

of the component at the two positions and twice the covariance
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of the component at the two positions. This equation can be

"I rearranged to give

N;

AU. Au. uj1  U1 4 u 2 u u
i i2 Ui 2 ) u ui

Ax. AX. Ax. AX. U i2+U
il i2 Ui2

(11-6)

Assuming that the shear of the longitudinal component of the

I; wind in the longitudinal direction is of interest; i.e., Aui

it Au, Ax. = Ax, and that there is horizontal homogeneity, thenIt- [1.
Au Au ., u1 2

Au---l2 1 -u-1 .2 (11-7)

x u
AX U

This says that the variance of the turbulent shear is just the

'[ product of 2 terms; twice the square of the rms longitudinal

gust velocity divided by the square of the separation, and I

U.I minus the spatial longitudinal gust velocity correlation. The

longitudinal rms gust velocity was modeled in Chapter 8, and

hi t the spatial longitudinal gust velocity correlation was described
!I earlier in this chapter. Thus, if a model were developed for

the spatial correlation in terms of easily measured meteoro-

logical variables and height, it would be relatively easy to

A estimate the variance of the turbulent part of the shear.

To approach the third and fourth moments of the turbulent
shear requries a significant amount of algebra. Rather than go

through that here, observed values of the mean and turbulent

parts of the shear are presented in Table 26 for vertical sep-

arations for the six cases studied. It should be remembered
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TABLE 26. OBSERVED VERTICAL WiND SHEAR AND MOMENTS

MEAN MEAN
COMPONENT, Az SHEAR ** j KEW KUTSHEAR SKW KR

-TEST 2-k TEST 6-11
Au 5.r ~ (115 0.19 0.40 4.04 0.067 0.12 0.13 4.40
AV 0.091 0.20 -0.17 4.11 0.028 0.10 -0.02 3.96

AW0.15 -0.17 3.63 0.074 -0.l1 3.32

Au 17.V ~ 0.11 0.093 -002 4.04 0.057 0.053 -0.01 3.15
AV 0.047 0.088 -0.24 3.47 0.030 0.03 -001 1138

AW0.065 -0.01 3.18 11034 0.00 1384

Au -23.4 * 0.037 0.01') 0.36 3.39 0.014 0.043 0.03 3.19
AV 0.017 0.068 -1106 3.18 0.011 0.032 0.21 3,64

0W .077 0.22 2.88 0.026 -0.29 4.10
au 356 0,057 0.052 0,20 3.23 0.027 0.03 -006 3035

AV0.020 0.051 -0,09 1.36 0.018 0.023 0.06 3.00,
Aw0.045 0.24 2.9? 0.016 -4018 3.35

A;Au t413) 0.070 0.045 0.15 3.05 DI03R 0.25 (119 300
AV 0.030 0U14 -022 3.45 0.019 0.019 0.03 1. 19
Aw 0.034 0.34 3.09 (1012 -0.04 145

_6. M WIND - 189 4.8 MIS 202 4.1lis-

TEST &-MI ______ TEST S-25A

Am 0.16 0.28 0.2? 4.18 0.053 0A33 0.25 4.70
AV0.018 0.26 Oa~ 4.06 0.M5 0.34 -0. 15 C274

W0.10 -012 4.28 0.24 -a 1A 4.5')

Au 17.91 0. 13 %,12 0.37 1.90 0.15 0.lS 0.12 3.62

av 0.067 0k.1? 0.17 3.94 0.058 O,15 -0.01 3.8)

au *2W. 0.061 0.11 0.55 4.83 0.091 (114 0.38 3.93
AV 0.010 0.085 0,05 4,27 (1041 0, 12 0111 3.82

AN07 (Lol .42 3.41 0.098 413 3.28
Au -1&.4 0.079 0.015 0.4) VA.B6 0, 12 06096 0.26 3.74
AV 0.047 0,067 -0.0A 1.91 01052 0.041 0.04 3,40

(IM1 -a.15 11.61 0.065 409 t.99

Au a43 09 .064 0.36 186 0. 12 0.086 '0.01 &.34
AV 0.051 0.05 %0I 3.92 0.04 tool3 0601 3.0

kom 4O8 006 1.62 0,054 DIU ~ 9
16S0 W14 1mill89 M6OIS

Au is7 Is5.1 0.41 3.73 0.10 0.19 W,4 k"
AV 0.01 0.18 41m 197 .066 at?7 0.2b JIM

0N.(12 .412 1.4? 0.1) 4.03 As.

Au 11.94 0.0o? O.05) 1123 3.21 0,003 0.090 001 11,65
AV 016 0.05 &.0 111 (1.061 0.010 0.09 3.2

%ON5 -a1 It 91 059 110 3.41
Au -24 0.010 04m6. 0.09 311 0.09 0.07n 0.0 k134

hAe 111m 40? qn9 0.4 2 .1
Au -3SW aw0l (LOIS 0.W 3.01 (Log8 0.00 016 3141

AV -a" &M04 40s M.0 W.2 (1040 0. 110t

4W lox Q0 I 0.010 41 134

3AV 404 0.03? 401 100 01013 0.013 oil$ IV1
0.023 .0.0 302 (IOU4 4110 %25

- , c. LIV t 

~RIINCI 11vit. Au m
RMRWActUAL 69 0aa&42
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that the winds in these tests are measured in a reference

system aligned with the tower arrays. In the table the mean

shear and the standard deviation of turbulent shear are given

in (m/s)/m, and skew and kurt refer to the coefficients of

skewness and kurtosis of the turbulent shear distributions,

1t [respectively.

In examining the data in the table there are several

things to note. The values of the coefficients of skewness

and kurtosis should be compared with the Gaussian values of 0

and 3, respectively. The coefficient of skewness is reason-

ably close to zero on the average although there is a rela-

tively large scatter1  The v.lues of the coefficient of kurto-

I sis, on the other hand. are considerably larger tha," the

Gaussian value of 3. There appears to be a tendency for the

I, largest values of this coefficient to be associated with small

separations and for the value to tend toward 3 as the separa-

- tion increases. This is U milar to results reported by Fichtl

(1972) and Kumar (1974) for Cape Kennedy.

A second set of comparisons of interest is that between

the values of the mean shear and the standard deviation of the
f turbulent shear. Frequently, the standard deviation of the

turbulent shear is as large or larger than the mean shear.

The mean shear of the vortical component has not been included

since it was generally an order of magnitude smaller than that

; 1for the other components. But, the standard deviation of the

turbulent shear of the vertical component should be noted, for

in many cases it is significant. It is thus evident that
"S '4 successive aircraft making take-offs or approaches may experi-

e.- significantly different wind shears, none of which are
+/ represented by the mean wind shear.
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Finally, the behavior of the mean and turbulent components

of the shear should be noted. The mean shear decreases with

increasing vertical separation when the 6.9 m wind is used as

a reference. When the 48.2 m wind is used as a reference, the

mean shear increases with increasing separation. This shows
the need to treat the spatial correlations differently for

climbing and descending flight. It is possible that, with

suitable normalization, this dual formulation can be avoided.

A limited amount of success has been achieved using the mean

height of the layer to normalize the thickness. Another nor-

malizing length which has been tried is the modeled length

scale for the mean height of the layer. In contrast to the

behavior of the mean shear, the behavior of turbulent shear is

considerably simpler. It decreases with increasing separation.

This examination of spatial data collected during the

survey (92 + hours) has treated -'ss than 5 percent of the

available data. The initial analysis, discussed here, was con-

ducted to evaluate the data collected and explore possible

methods of analysis. The figures and tables presented deal

only with horizontal or vertical flight. It would be of value

' IA to extend the analysis to examine the turbulence along an

inclined flight plath, in addition to more detailed examination

of horizontal and vertical flight paths.
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CHAPTER 12

THE FAA STANDARD CUP ANEMOMETER AS A TURBULENCE SENSOR

Cup anemometers conforming to National Weather Service

Specification No. 450.6150 were installed at each of the sites

to provide a direct comparison between current airport wind

sensors and more sensitive turbulence instruments. In Chapter

4, the mean wind speeds measured by the two instruments for

the intensive measurement periods were compared (Figure 12).

In this chapter the comparison between instruments is extended

to turbulence parameters. This comparison is made, not because

the cup anemometers might be purchased for use as turbulence

instrument but because the instruments are currently in the

field and might provide data on turbulence parameters usable

for climatological purposes or for operational use by tower

operators and air traffic controllers.

CUP ANEMOMETER FREQUENCY RESPONSE

The response characteristics of cup anemometers have gen-

orally been examined using a first-order differential equation

model for the cup and a sinusoidal forcing function (see

Middleton and Spillhaus, 1953, or Slade, 1968). Solving this

model in terms of the ratio of the output amplitude (cup ane-

mometer signal) to input amplitude (true airspeed change) indi-

cates that the ratio should decrease as a function of the

inverse wave length, (n/u), to the -1 power for large values

of n/u. Since the power spectrum distributes variance which

is associated with amplitude squared, the model results leads

to the expectation that power spectral estimates should be

attenuated proportional to (n/u) " 2 for sufficiently large (n/u).
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The composite power spectrum derived from the measurements

of wind speed made by the cup anemometer at Lake Union is shown

in Figure 57. It is similar to the composite spectrum for the

u component at 6.9 m from the low wave-number region through

the transition region. In the region of the inertial subrange,

where spectra from the Gill anemometers have a -2/3 slope (see

Figures 22-29), the cup anemometer spectrum has a -5/3 slope.

Since the -2/3 slope is predicted from theory, it can be

assumed that the Gill spectra are correct in this region and

that Uhe cup spectrum shows the effects of instrument response

characteristics, although not that predicted by simple theory.

31 iTo examine this behavior more closely, the ratios of

banded spectral estimates for the cup and Gill u component ane-

mometers have been plotted as a function of n/u. The result

shown in Figure 58 supports the conclusion drawn from Figure 57.

In addition, it provides a clear indication of the inverse

wave lengths at which attenuation is important.

For inverse gust wave lengths greater than 0.01 m (wave
lengths less than 100 m), there is a noticeable attenuation of

the FAA cup anemometer response. For wave lengths less than

10 M (n/u greater than 0.1 me1 ), the response of the cup has

been reduced by about an order of magnitude. The anemometer

effectively smooths out all fluctuations which occur at smaller

'J wave lengths.

The data used in Figure 58 were obtained from the inten-
sive measurement program. It is interesting to note that aqgain

, the Lake Union and SEA-TAC data are in good agreement and that

KIXI data appear to be separated from the data taken near ground
level. In preparing the ratios plotted in the figure unnormal-

ized spectral estimates were used. ||ad the spectral estimates

been normalized by the respective variances, the ratios of the
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spectral estimates for long-wave lengths would have been

closer to 1 at both Lake Union and KIXI.

In attenuation of high-frequency, short-wave length

oscillations, the cup anemometer behaves as a low-pass filter.

This can be expressed in mathematical terms by

'11Sc (n) F (n/u) nSg9 (n) *(12-1)

where F c(n/u) is the filtering function which describes the

'behavior of the cup anemometer, S (n) is the Gill anemometer

spectrum, in this case assumed to be the true soactrum, and

S(n) is tne spectrum obtained from analysis of the cup a.ne-
mometer data. Horst (1973) presents a compa'rispn between Gill

anid spnic anamometers which indicates the Gi.11-10rigitudinal

ape, ra are rpresentative for n/u lesz' thaw-0.06. Rearrang-

i ng Equation U12_1) to coaforav to the prosentation in Figure

58 yields, (/).(1)

Thus, the shape of' tht curve i n the figureo depilcts the filter-

i ri per f ormed by. the cup.

A f iltr functio~n which f its the Aata: shown in 1-igure 583

is

- ~1.2 ___

It is reasonabl'O to ass ume. that the constant in the numerator

should tie 1.0 rather than'the irdicated value of 1.2 o.nless

a Moea.hanism can be hypothesized Whiclh would amplify the low



1

frequency response of the cup anemometer. One possible mechan-

ism could be the noncosine response of the cup anemometer to

gusts which include non-zero vertical components. (For a dis-

.1 cussion of the noncosine reponse of cup anemometers see

MacCready, 1966.)

FREQUENCY RESPONSE CORRECTION

A knowledge of the form of the filtering performed by the

I cup anemometer makes it possible to at least partially correct

spectra obtained from these cup anemometers for the high fre-

quency attenuation. Inverting the relationship in Equation

(12-1) the corrected spectrum is given by

nS (n) = nS (n) (12-4)
F (n/u) c

where nS (n) is tho corrected estimate. Using the filtor form

(ri given in Equation (12-3), Equation (12-4) may be rewritten

nS (n) 10.694 + 4380(n/u)2 I /2 nS h) (12-5)

In wave number spaco,quation (12-5) is

kS (k) 10.694 + 111 k2 1 2 S k' . (12-a)

A"f, it is assumed that the constaAt in the numerator of Equa-

tioi (12-J) is anomolous, 'quations (12-5) and (12-5a) become

ns (n) [1 + 6300(2U ] nS1/(20) (12-6)

and
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* 2 1/2
kS (k) [I + 160 k kS (k) (12-6a)

c

Some caution should be exercised in the correction of

spectra for attenuation due to instrument response. In par-

ticular, the correction should not be carried to the extreme

that the contribution to a spectrum due to :.he correction is

significantly larger than the uncorrected spectral estimates

themselves. In the case of the present anemometer, the correc-
tion should not be carried out beyond wave numbers of 0.20 to
0.25 m 1 ,or n/u of 0.03 to 0.04 mi. Limiting the correction

to this range will give maximum correction factors of about 3.

Even these may be larger than should be used. If definition
of a spectrum to higher wave numbers is needed, a spectral

nmo&,l should be fit to the data and extrapolated. An example

of this would be the asuumption that the observed spectrum as

cortrected had reached the inertial subrange, and that at higher

wave nuiabers the spectrum should decrease proportional to
.. > . k- 2 / 3

k .: . _ .

LONGITUDINAL RMS GUST VELOCITY MEASUREMENTS

St is more probable that the existing airport cup anemom-

eters would be used to obtain c'imatological estimates of

spectral model input parametet-3 than to obtain information on

spectra directly. In this section, the rms longitudinal gust

velocities determined from cup measurements will be compared

with those computed from the Gill anemometer data. It should

be noted that throughout this chapter the Gill and cup anemom-

eter data are discussed as thouqh they were identical measure-

ments when, in faot, they are not. The longitudinal gusts,

their rms values, spectra and length scales from the Gill

anemometers represent variations in the direction of the mean

I-1.:
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wind, i.e., they are for the u component where v = 0. The cup

anemometer data represent variations of (u'2 + v'2)l/2, i.e.,

the variations of the instantaneous speed, and as such descrip-

tors derived from them can be expected to differ somewhat from

those derived from Gill data.

Figure 59 shows a comparison of the rms longitudinal gust

velocities computed with data obtained from the two instruments

in the intensive measurement program. The circular points

represent the data collected at Lake Union and SEA-TAC, while

the triangular points represent KIXI data. The rms gust veloc-

ities for the lower level instruments agree quite well, although

there is a slight tendency for he cup anemometer to over-

estimate the lower values and underestimate high values. The

overestimated vdlues are to a large extent associated with

relatively low mean wind speed. In these cases the higher

I threshold of the cup anemometer tends to reduce the speeds dur-

ing lulls to zero and increase the duration of calms. This

has the net effect of moving some values toward an extreme of

the distribution, thus increasing the rms gust velocity. This

would also cause the additional turbulence energy to be found

in the lower frequency or wave number position of the spectrum.

LONGITUDINAL LENGTH SCALE ESTIMATES

Longitudinal turbulence length scales computed from data

obtained from the two anemometers at each site during the inten-

sive measurements are compared in Figure 60. It is inmmiediately

evident that the length scales computed from the cup anemometer

data are consistently larger than those derived from the Gill

data. This can be attributed in part to the cup anemometer's

attenuiation of the higher frequency turbulence input. To

explain, the length scale is computed from the integral of the

autocorrelation of the wind speed time series. (See Equations
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(2-9) and (2-10).) The attenuation of the high frequency

components of the time series causes the autocorrelation to

decay more slowly than it should. Thus, the integral of auto-

correlation with respect to time lags is larger than it would

have been had the instrument response been better. This ulti-
mately causes an overestimate of the length scale.

It is possible that this factor may have been the cause

of the vertical length scales computed from the two lower

level Gill anemometers at Lake Union being longer than those

at other sites. If that is the case, the models in which
I'

vertical length scales are proportional to the height above

the surface may be more realistic than that developed from the
survey data. Examination of spectra for individual tests

indicated that attenuation was not a serious problem, although

that possibility cannot be eliminated entirely.

The longer length scales for the cup anemometer might

also be attributed to its response to wind speed rather than to

a single component of the wind vector. Finally, at low speeds

the hicher threshold and distance constant of the cup anemom-eter may have contributed to overestimation of length scales.

EVALUATION OF TIE CUP ANEMOMETER

The standard airport cup anemometer was not designed as

1' a turbulence sensor, but because it is a potential source of

data on the climatology of turbulence, it has been compared

with a Gill anemometer. Turbulence spectra obtained from the

cup anemometer show attenuation at wave numbers corresponding

to wave lengths of 100 m and very little response at wave

lengths shorter than 10 m. It is possible in theory to cor-

rect the spectra for this attenuation. However, a better

alternative is the use of the cup anemometers to provide
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climatological estimates of the input parameters to turbulence

models developed with other instruments.

Table 27 compares the mean values of the wind speed and

turbulence model parameters obtained from measurements made

with the Gill and cup anemometers during the intensive measure-

ment periods. The table shows that the estimates of the aver-

age wind speed during the portion of the measurements analyzed

are nearly identical. The difference in each case is of the

order of the maximum resolution which could be obtained with
the A-D converters interfaced with the NOVA computer.

K TABLE 27. COMPARISON OF GILL AND CUP ANEMOMETER '\VERAGE
WIND SPE=DS AND TURBULENCE MODEL PARAMETER
ESTIMATES

Gill Cup
Uu Lu Lu

V(i~s) Tm-T7-T ("') Tmi7sT (mis) 75-F
Lake Union 4.22 1.23 72 4.20 1.25 86

KIXI 7.48 2.21 135 7.53 1.98 155

SEA-TAC 4.27 1.02 79 4.32 1.02 97

The same statement can be made for the average rms gust

<1 velocity estimates at Lake Union and SEA-TAC. At KIXI the cup

I anemometer estimates of the rms longitudinal gust velocity are
1 about 10 percent lower than those from the Gill. However, since

I airport anemometers are typically installed near the ground
if, rathir than above tall buildings, the approximate equality of

-" estimates at Lake Union and SEA-TAC are considered to be more

signi. icant than the difference at XiXI. The quality of rms

i gust velocity estimates at Lake Union and SEA-TAC should not be

* j construed to mean that the instruments are equally good turbu-

lence sensors. The comparison of the spectra in Figure 5
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indicates otherwise. Rather, the conclusion which appears to

be warranted is that the ctP anemometers are capable of pro-

viding good estimates of rms gust velocities when used near

ground level, and that a climatology of these estimates would

be reasonably representative of measurements which might have

been obtained using more sensitive turbulence instrumentation.

Finally, Table 27 shows that the cup anemometer data

tend to give overestimates of the integral length scale. These

overestimates are generally of the order of 20 percent. In

reviewing data shown in Figure 60, it is seen that the over-

estimates are reasonably consistent. Thus, the cup anemometer

can a2'so be used to estimate length scales for climatological

purposes, provided that the computed values are appropriately

corrected. It may also be concluded that, with proper elec-

tronics and recording, the standard cup anemometer would pro-

vide information on turbulence which would be useful in an

I; ioperational sense to tower operators, traffic control person-

nel and pilots.

I

'_1 9
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CHAPTER 13

CONCLUSIONS

Motivated by a desire to ensure the safe and expeditious

development of a short-haul air transportation system using

V/STOL aircraft, the FAA has sponsored a study of potential

meteorological problems associated with V/STOL aircraft ter-

"T minal operations in a built-up urban environment. The initial

portion of the study was an analysis aimed at identification

of the meteorological information needed in:

. Selection of V/STOL port sites.

. Optimization of runway orientation at V/STOL ports.

. Determination of efficient and reliable methods of

estimating climatological information on those meteo-
rological variables significant to V/STOL operations

at potential port sites.

Optimization of a meteorological observation system

for V/STOL ports.

* Establishment of airworthiness standards for V/STOL
aircraft operations.

Aq Optimization of stability and control features for

V/STOL aircraft.

" Simulation of V/STOL aircraft flight.

* Simulation of control of air traffic.

The availability and limitations of existing meteorological

data were determined. At the conclusion of the initial phase
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of the study, an Interim Report (Ramsdell and Powell, 1973)

bi was prepared and a survey to obtain needed meteorological

information was recommended.

Having now completed the measurement program and analysis

of the data collected, it is appropriate to end this report

with a review of both the results of the survey and the results

of the study as a whole. Thus, the first portion of this chap-

ter summarizes the results embodied in this report. The second

portion of the chapter reviews the results of the study (both

phases) as they relate to the initial objectives.

THE SURVEY

The primary purpose of the meteorological survey conducted

in Seattle, Washington, was to obtain information on winds in

general and turbulence in particular in the urban environment.

Wind directions during the survey were distributed in a clima-
tologically representative manner. Wind speeds, however, were

significantly lower than expected. This did not seriously
affect the results of the survey. Thus, it was concluded that

the survey data are a consistent set which could be used to

evaluate existing turbulence models and develop new ones.

Skepticism about the generality of the results of a single

study of this nature is warranted. The results described here-

in have been compared with other data and models where possible.
They are generally in excellent agreement with the other data.

It is particularly significant that the survey data and the

results obtained from their analysis are completely compatible
:with results of an extensive turbulence measurement program

recently conducted in an urban area in Australia. The differ-

ences in the results are almost completely explained by the

differences in wind speeds during the measurements.
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Major Conclusions

The data collected in the survey show that urban turbu-

lence can be described in the context of conventional turbu-

lence models developed from data obtained in past turbulence

experiments conducted in more favorable terrain. The shapes

of the power spectra obtained during the survey at both the

urban and rural sites show marked similarities to each other

and to atmospheric spectral models developed by others. That

is not to say that the parameters of spectral models are the

same in urban and rural areas, however.

Through examination of the scaling of the spectra in the

frequency domain, it was found that only power spectra for the

vertical velocity component scaled as a function of the non-

dimensional frequency, nz/u. The power spectra for the hori-

zontal components were found to scale best as a function of

n/u. These conclusions were supported by the data analysis

leading to the length scale models. The data from KIXI show

that, in scaling the vertical velocity spectrum at elevated

VTOL ports, the proper reference level is not the landing sur-

face. Rather it is a lower level (in the case of the KIXI

data, the ground level).

The behavior of the parameters of conventional spectral

models, rms gust velocities and length scales, were examined

at each of the sites. For a given set of meteorological con-

ditions there was a wide variation in the observed values of

these parameters. As a result, statistical models were devel-

oped to describe the observed variation.

*{ The average rms gust velocities for all components of

the wind were found to be linearly related to mean wind speed

for wind speedr, above 2 m/s. The parameters of this linear
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relationship are a function of surface roughness, increasing

as the roughness increases. The effects of the built-up urban

area on turbulence were clearly evident in the rms gust veloc-

ities. The variation of rms gust velocities in a given set of

meteorological conditions follows a log-normal distribution.

This distribution is completely determined by the specifica-

tion of a mean value and an rms value or variance. The mean

has already been modeled. The data collected in the survey

show that che rms value of the distribution is a function of

roughness in the urban area. The values are low for flow

across the built-up urban area and greater for flow over the
smooth sectors. The SEA-TAC data did not show this variation

in the width of the distribution. At all sites the widths of

the distribution were independent of wind speed.

In the examination of turbulence length scales, effects

T ,of the built-up urban area were not identifiable. Average
'iI length scales and the distribution of observed values about

these averages did not vary systematically with surface rough-

ness (wind direction). Organization of the average length

scale data designed to identify urban effects did, however,

show that there was a fundamental difference in the behavior

between the length scales for the horizontal components and

those for the vertical component. The horizontal component

length scales were primarily a function of wind speed. They4 :were related to the height above ground only through the mean

4 wind speed profile. The vertical component length scales, on

the other hand, were primarily a function of height and only
.l secondarily a function of wind speed. The behavior noted has

Vi been incorporated ir a set of models for the average length

scales. As with rms gust velocities, the length scales were

found to be distributed log-normally. In this case, however,

i, the widths of the distribution are essentially constant and
independent of site, component and wind speed.
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Isotropic relationships for the von Karman and Dryden

turbulence models were examined using survey data. It is shown

that the use of these relationships to estimate unknown rms

gust velocities in flight simulation would lead to significant
errors in the description of turbulence.

Additional Results

There are numerous results and conclusions of a subordin-

ate nature which merit inclusion in this summary. These are

related to: description of airflow in the urben boundary

layer, effects of the length of observation on wind and turbu-

lence parameters, spatial aspects of turbulence and wind shear,

and wind instrumentation.

The survey wind measurements at Lake Union and SEA-TAC

indicate that wind speeds at a typical urban V/STOL port site

are about 10 percent lower than those at conventional airports

in the same area. Further it seems reasonable, on the basis

of the Lake Union data, to estimate the roughness length for

wind profiles in the upper portion of the boundary layer as

1/30 the height of upwind. buildings. In line with this rule

of thumb, a reasonable roughness length for the Lake Union site

during southerly winds is about 0.6 or 0.7 m.

Comparison of analyses of data from nearly concurrent wind

observations made with the 2 data recording systems at Lake

Union indicated that the length of observation period has a

significant effect on horizontal component length scales.

Short observation periods (5 min) did not provide a long enough
record to properly estimate length scales for the horizontal

--= turbulence components and resulted in underestimates. Long

periods of observation (34 rin) tend to overestimate these same

length scales. Estimates of vertical component length
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scale, mean wind speed and rms gust velocities were not signif-

icantly affected by the length of the observation period.

Analysis of spatial turbulence data is a relatively recent

undertaking. At the present time there are no standard anal-

yses which provide results in a form usable in operational tur-

bulence models for flight simulation. As a result, two possi-

ble approaches to analysis of this data were demonstrated.

Space-time correlations were presented for 2 periods and ver-

tical shear of the wind components was examined for 6 periods.

In the last case, it was shown that momentary wind shear

caused by turbulent fluctuations of the wind can exceed the

shear of the mean wind.

As a side experiment, the FAA standard cup anemoL eter was

evaluated as a sensor for use in collecting climatological tur-

bulence data. The lack of responsiveness of the cup was shown

to attenuate high frequency portions of the turbulence spectra.

A transfer function was given which can partially correct this

deficiency. Despite the attenuation of high frequency energy

in the turbulence spectrum, the cup was shown to give a good

estimate of the longitudinal rms gust velocity. The effect of

the lack of responsiveness of the cup was more evident in the

estimation of the longitudinal component length scale. It was

consistently overestimated. As a whole, it was concluded that

the cup anemometer could produce usable turbulence information

for climatological and operational purposes.

Attempts to use sonic anemometers at Lake Union failed.

This failure was apparently caused by a :elatively stro*±g

electrical field at the site.
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TH-E STUDY

The objecti-ves of the present study were listed in Chap-

ter 1 of this report and repeated at the beginning of this

chapter. In concluding this report and the study, it is

appropriate to list each objective and give a cursory descrip-

tion of the results of the study applicable to the objective.

Selection of0,'TOL Port Sitesi

in the analysis leading to the Interi-m Report it -was

determined that meteorological in formati"on anid techniques for

e.stimating wind and turbulence at potential V/STOb port ie

were inadequate. The initial result. of the study applicable

to this objective was ithe developmient of a rational techniquet

for estimating wind roses at potential rit-2s on theb1asis of
extr-poatin. hiSroesult was contained i h itrw

Mais in thi teotrirvi
Report. May of the results inisrptpovd additional

tool a~O usein ostirtatinaj wind an4 turbulence climtlgc

at prospective V/, TQL port sites. These results include the

models~ relating turbulonce gust velocities and length scalos
to suvS~icc roughn~ess -and Wind speed# description- of theD prob-
ability dis tributions of turbulence parameters, and th11e tpr
ison of wind and turbuloncs at typical u..rbanr V/SPTOtpwtsh-
at a conventit:nal ahlport.

9Umiz&tsA~n of uttwax.' Orientatioa

Actorioica ifomation noded i-n outiwizatino run-
wiiy orieaitattAon includoz re~retsentative w, nd rt)sos. Tuts, tno
w.ind-roslo ostimation jproc dutc& deSC~xibxd in the Interim Report

is iroetly applicable 'to this abj4-Ntite-. In optimi~zinq rn
t xway orientation at typical_ V/SVOL nwort i;ltes, it may be Jilor-

tant to consider. tqrbulence -generated by the bul-pt.b



area. Thus, the turbulence models and probability distribu-

tions described in this report are also applicable. However,

a technique to incorporate turbulence data in this optimiza-

{ . tion has yet to be developed.

Determination of Method of Estimating Climatological Informa-

. In the analysis leading to the Interim Report, the exist-

I, ing climatological techniques for estimating and extrapolating

climatological data on the basis of relatively short observa-

S--tion periods were found to be adequate for all meteorological

I .elements of interest except wind. In that report a technique

was outlined which would provide wind rose estimates at poten-
tial V/STOL port sites on the basis of relatively few measure-

ments. That tec~.nique involves determining average differences

in wind direction and speed and using Fourier series to model

those differences. The turbulence models described in this

report may be used witi data contained in wind roses. Thus,

this study has provided reasonable means of efficiently esti-

mating (limatologies of both mean winds and turbulence.

Optimization of A Meteorological Measurement System

In the cou.3e of the study it has become apparent that

implementation of a short-haul transportation system using

V/STOL aircraft is still several years in the future. A num-

ber of remote sensing meteorological instruments which might

be included in an airport meteorological system are currently

under development and were discussed in the Interim Report.

In addition, V/STOL aircraft response to turbulence is still

only marginally understood. As a result, no attempt was made

to determine an optimum meteorological measurement system.

However, those sections of this report and the Interim Report
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which discuss instrumentation will be pertinent when an approp-
riate time comes to determine that system. The chapter on the

standard cup anemometer will be particularly useful. Informa-

tion in that chapter indicates that, with additional electron-
' ics, the cup anemometer can provide useful turbulence data.

i~2 Establishment of Airworthiness Standards

Airworthiness standards must be related to the aircraft

operating environment. Thus, it is obvious that a description

of the environment is necessary. Information existing during

the initial analysis provided only a fragmentary description

of wind and turbulence in the urban terminal environment of

the proposed V/STOL transportation system. The data collected
during the survey have provided a better description of this

environment. Identification of the distributions of gustb veloc ties and length scales as log-normal and development of

I models for these turbulence parameters are both significant
Icontributions. With these results and a probability distribu-

tion for wind speed, it is now possible to estimate the prob-
ability of experiencing a given set of turbulence conditions

in the urban environment. These probabilities will be needed
in setting standards and in evaluating the parameters of tur-

bulence models used in flight simulations submitted to demon-

strate compliance with standards. The data presented on the

spatial aspects of turbulence may also be applicable to estab-

lishment of airworthiness standards.

Optimization of Stability and Control Features

I As in the establishment of airworthiness standards, the

opti&-aization of stability and control features of V/STOL air-
craft requires an estimate of the operational environment.
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The results of the survey are predominantly descriptions of a

typical operating environment. Thus, they fulfill this objec-

tive of the study. The turbulence models and probability dis-

tributions provide a means of defining significant turbulence

conditions or determining the probability of occurrence of

postulated gust velocities and length scales. This applica-

tion will require the use of a supplementary wind speed distri-

bution. The discussion on spatial aspects of turbulence may

also be of value in this area. Possibly, it will stimulate

thought along the lines of useful spatial analysis and produce

gl. feedback for future data analysis. The results of the study
. i

are also applicable to the design of V/STOL stability and con-

trol features since they describe turbulence models for use in
,  flight simulation to test various design alternatives.

Simulation of V/STOL Aircraft Flight

At the outset of the study there was no a priori reason

for assuming that existing turbulence models used in flight

simulation adequately described turbulence in an urban envi-

ronment. Doubt existed as to the proper spectral shapes and

to the appropriate values for parameters of the models. Data

collected during the survey have led to improved spectral

, models and to a complete set of parameter models. It is no

I- longer necessary to rely on tenuous theoretical relationships

Iwhich exist at frequencies well above the rosponse threshold
of aircraff in determination of turbulence parameter values.

I Survey data show that isotropy relationships lead to signifi-

i-Aj cant errors in estimates of parameter values. There are indi-

cations that turbulence measurements may be used directly in

.I, future flight simulations rather than using turbulence models.

Should this occur, the wind data themselves become a set of

results applicable to flight simulation.

, I. f
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I Simulation of Control of Air Traffic

A This study was primarily concerned with atmospheric condi-

tions at altitudes of 200 ft and below. Meteorological infor-

mation in this altitude band is of only marginal interest in

air traffic control simulations. Generally, the meteorologi-

cal conditions at these altitudes are of more concern to tower

operators and pilots. The results of this study become of

Imore interest in air traffic control simulation if the proba-

bility of a successful approach and landing can be related to

wind and turbulence. Some possible relationships were indi-I cated in the Interim Report using results of flight simulation

studies, but the establishment of meaningful relationships

between turbulence and missed approaches would require more

study. These relationships, if real, could be combined with

the results of the survey to provide estimates of the proba-

bility that an approach would be terminated by a missed

approach rather than a landing. The discussion on spatial

aspects of turbulence may be of some value; in particular, the

partitioning of wind shear into mean and turbulent components

may lead to better insight into the shear phenomenon actually

4. iaffecting an aircraft.

SITHE DATA LEGACY

The meteorological survey resulted in the collection of

a large amount of data on the urban environment. The analysis

of this data has been limited to that which was necessary to

provide meaningful results in terms of the objectives of the

study. The usefulness of the data are in no way limited in

application to those objectives. As new problems arise or

more refi.ned answers are required for old problems, these data

provide a ready source of information. The Appendices at the
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F end of this report contain summaries of analyzed data.

The detailed results presented in this report and the

data contained in the Appendices are specifically intended for

application to aeronautical problems. In a more general sense,

the results of the study and the data should be of value to

those interested in winds in the urban environment. The models

and data contained herein may find immediate use in building

design and air pollution control applications in addition to
3 the aeronautical applications for which they were intended.

3111
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APPENDIX A

WIND ROSES

Appendix A contains the observed wind roses for the sur-

vey. Wind roses are included for all levels at each site.

Thus, there are two wind roses for both SEA-TAC and KIXI and

four for Lake Union. The number of observations included in

* each rose is given below the tabulation. The tabulations,
ti themselves, are the percent of observations falling within a

wind direction and speed category. All wind speeds are in

meters/second and directions in degrees. It should be remem-

bered that the wind direction is the direction from which the

wind comes.

In the appendix the wind roses for Lake Union are given

first. They are followed in order by those for KIXI and SEA-

TAC.
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APPENDIX B

INTENSIVE MEASUREMENT PROGRAM DATA SUMMARY

Appendix B contains a summary of the data from the inten-

sive measurement program. The data are presented by site,

experiment, and level of measurement. This information is

contained in the first 14 characters. The first 4 characters

identify the site, original data file, and segment within the

file. The Lake Union data start with a numeral, those from

KIXI with the letter K and the SEA-TAC data with the letters St.

The 10 numerals which follow give the date and time of the

beginning of the data segment which is summarized and the

instrument locations. This group is subdivided as follows:

the first 4 numerals give the month and day, the next 4 the

4 time, and the last 2 the tower and level. The numbering of

measurement levels starts at the lowest level and increases

upward.

The data from the Gill anemometer at the level are sum-

marized in 9 groups following the identification. The data in

these groups are, in order; wind speed, longitudinal rms gust

velocity, longitudinal length scale, lateral rms gust veloc-

ity, lateral length scale, mean vertical velocity, vertical

rms gust velocity, vertical length scale, and wind direction.

Wind speed, rms gust velocity and length scale for the cup

anemometer are given in the additional groups included for

the lowest measurement level. All wind speeds and gust voloc-

ities are given in meters/second, length scales in meters and

wind direction in degrees relative to true north.
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LAKE UNION INTENSIVE MEASUREMENT PROGRAM DATA SUMMARY

1 -1 0706105071 3,88 1,17 68. 1,48 195, .0?9 *625 14,7 197 3,91 1.13 89,
1-1 0706105072 4,27 1.21 93, 1,40 211, .237 .800 18,4 196
1-i 0706165073 4.A2 1.24 99, 1,41 2()7, .077 .851 18.0 197
1-1 0706105074 5,60 1,17 105, 1.50 302, .006 .673 49.3 202
1-2 071A0W)2571 5.67 1.45 48. 1,49 138, .068 .825 11.9 198 5,75 1,37 63,

TI . : I-' 071 onq01? 7n A. 1 A 8 . 143o 1.5' 1519 *31.? .9.0 11.0 198

1 1 07 1 m(1 297 ' 7 , 1 1.68 24 1.51 176, 0201.045 17.5 199if -0711114071 6,38 I.n 112. 1,18 191, .168 o455 159 .3 3,84 .93 59,
1-3 n71114A72 6.89 1,12 17, 1,2? 216. ,455 ,539 27,6 334

n-3 (171111407" 7A4 1.nl 90. 1,11 245o .614 o554 27,1 334
1-1 71111407h 7e59 *86 I00 1011 205.-.*491 .511 38.0 334

"14'11257 ?*.A, ,Q] 67. *71 r, .054 #456 1?.2 184 2.60 .94 77.
2-? In21I572?2.98 *C97 76. .75 S6, Ong9 544 14.0 183
?-2 10? 1i257 .RR I.rf 96. .86 57,-,057 .617 22,5 184

1 2-? ? 112'7 A 4.30 1,19 10I4 .81 68.-.031 .538 31,0 184
- 1n' 11071 4,52 1.4n 76, 1.15 5Q, .107 ,71 1301 194 4,73 1,45 100.
2-1 1?171077 5.n7 1.41 82. 1,16 65. .139 o8?7 16.2 191

11 1 "?"! 1nTA7 6 4 7 1 *66 90* 1.40 F. .1191*018 16s2 i91
'A Il 1074:i1, 1'iC() *9 07-1 .876 235 9M .316 8

I f-tr%7r' 7!Is 5 162 9s ,2411 4 S770) 11.9 1895,316 9,
-L I Is 775572 .77 1 70 96, 1.28 '7. .048 .9?1 15.6 188

Ir,1r~4M7 55 7 6,95 1.79 118., l. 7 3. .1 0321,126 2N.8 190
14 n1",7' 74 7.9 Q() 8 129. 1.14 VA s- * V91 *M 4 38.7 190

i -l 1^"01,72571 4,91) l.3n 64* 1.09 51o-,012 *6?4 9.3 185 4.91 1,28 73o
III 1 ' e17272 4,87 I. 62. 995 35*-9056 .8)5 12.7 184

'i117 'V' A 6,63 1,' RIF,, OR8 ?0.-,18 .912 22,; 181
.,-% 17 ? 74 7,6 1.42 110s I 1) 43.013 97?4 43.4 186

-!L-Hf1101ni'1 71 ..&&' 9 2,-(6 712 Ih9) 4.60 1.20 79.

- I 1 ?18 /1 ' 1, ; 'A, 1,11 61 -- .0 3 5*46 10.4 18 5 40 109 4 .
1.1f 7t11 ' 10,' 1 1,19 it?, ,q9 0 7.,-,1t3 67.0 19,8 184

I 1 91.7 $An 7nI8A, 1 14n,_,10 01'a le. 14 n
~311111I12971 61 1.4 0 S 7 14 S 68*on 13 8 5. 7115 ,7 *2 7
'.-131119377 ?,61 I9 6AP .77 47.2 . 07 1*6 . 19424580 3
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LAKE UNION INTENSIVE MEASUREMENT PROGRAM DATA SUMMARY (continued)

4 -131115131572 2 .96 101. .89 41o .083 *505 13.8 196
4-1'111 131573 3.47 ,06 108. .83 53, o07A o658 5,0 196
4-1311131574 1.08 1.06 10" ,  .58 79.-.182 *SOQ i2*2 191
95- -111 1I 01871 1,6Q 1.22 49, *8 27o .039 .546 6.3 18? 3.86 1.25 64.
5-111 nIn871 4,14 1,40 88. 005 41-, M49 o714 11.6 182
S- 'H1? 103871 5l1 1.59 93, 1,08 47,-,InI .820 19,3 182
R-I111 O'10 R71 6,A0 I,59 74. .81 5Qo-o015 A 735 24.0 182
F,-2111211 4 71 2,67 .84 46. .76 37, *122 .371 14.7 208 2,65 .86 55.
-711!P111347? 1*12 .87 90. .78 47. *128 o479 16.? 21?
9-21112111'473 3.6) .89 75. *81 95, .089 .526 21.2 21197- 11- I I!IA471 'A, 2 C, o7? 71. *61 94o *134 0359 21*6 204
6-111178111071 4,07 1,42 86, 1,0 73. ,141 .c63 13,8 20? 4,47 1.54 105,6-'17 8v 1072 4,57 1.43 101. 1.26 80, .193 .804 21.0 2036-i 111?8130"3 5.57 1.70 134. 1.?7 81. .108 .983 22.8 199

6-l1121i1074 63n 1,81 147. 1.03 152, .120 ,920 32.1 196
6-2tR401 4.69 1.41 69, 1.07 38, *OQ7 .609 1).6 188 5.18 1.44 86.

A 6- 1711?0145r)7? 5042 1,41 64, l.?? 11. .092 .897 11.4 189
A-121IPP?45n7 6.01 1.7- 10, 1.06 14, .m451.2 ?),n 187
6-l'117P1451)74 7,A6 1,64 119, .71 43o .2311,033 45*4 187
7-11l1?Alger71 ?.91 ,78 27, 4'9 15o .083 1376 1'.o 180 2.62 *79 29.
1-111f ]A 07? 3.11 .84 15, .56 16. .'5n 94FI4 )1*6 187
7-11112619f073 4.06 .86 61, o68 23, .017 .568 11.0 182
7-111 1.76110 074 4,47 .9P 91. .59 3, .042 362 20,1 181
7-P11!?7t'rT971 4653 1.31 184. e87 25% .057 *644 15.9 184 4.46 1.28 202.
7-7jiJ?7%)qAV)72 rl.2? 1.44 211 .91 llo-*016 980A 21.l 1St4
7-21112709A971 6.?8 1945 220 1.12 35,-.166 .919 24so4 1837-71|117n')74 7017 1,44 1 097 InQ,-,on6 ,7R 21,2 JA7

If7-!1l1?7!6i71 6,34 1,97 112, 1,34, 49, .087 0876 -4.5 187 6.52 2.001 139.,
"'11 1 -1 &4 7: 7.315 Z,77 157, 1,48 4 Q, .0591.105 1i.8 187

I 1 ?-ln6?,1471 2, 74 ..26, loMn 41,-oA26 o516 1'1,2 163 2,41 ,98 37,
I I. I I^' f, .a#IA* i 4 71? Vo 9 16?
j ?6141111 4,17 1 A6 76. 1.15 47.- .11 A .70A V~. 165

7 C)7F!0 57,- , A -4 A ?'.21 174
11 1 .11 At", 4,7A I 017 1 r;j..1,1 44o-001 66 )'-*1 186 4,71 1*63 146*

. .. . ,.. .

P 111i1 267P 501 1. 01. L.79 57..034 -. 1 . 16

0-) 1, 1 1n "1 .4.41 *1 ,f4 1376 161 7?*- * 105 1.o ni? 96

4-7 1~ ' 111 1101 7,1 141 ' 1.16 4 l ?2l6 916.Yo 177
15 7 4 .1~ ? ls A. 4 6 4 40. h01S .6S4 09 17Q 4*64 1.21 58o

Ag 9'~~ 7~ -S 1 A l25 45.t 113 ?t,$-*Aq7 #06A 11. 17 *nI

.. . 6 168-? ';?146 71 6.? ,11 1746 16 4M., .493.(fl 13.4(* 1887.20r 121 198.
7 r 1 4 111 r 7-, . . . 15 4r. 1,19 4 * *09 868 1 let) 17A
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LAKE UNION INTENSIVE MEASUREMENT PROGRAM DATA SUMMARY (continued)

R-21211174671 9,34 2 7T 160, 1,87 66 -.0261.677 21:5 188
8-.711i'74674 11.03 2.89 215, 1.42 89. .0831.371 39.7 18
.-l!:211]-1071 7,QI 2,64 84. 1,99 33. o1981*254 13.4 189 8,52 2,75 116,
.8- IsI '7111 S,62 2.75 10'A. 2.18 51. .1791.566 17.2 190

4- I-8?41211191,.71 lr58 3,17 1?7, 2,03 85. .m1,816 23.3 188
-8- 41311l9-074 12.41 1.47 213. 2.01 74. .1331577 52.1 188
--251.21'1071 8,59 3.00 121q 2.17 5n, .1221308 11.2 189 9.28 3.07 141.

,-9.1?1307 1 8.91 2.95 171, 2,4 41, o0491,604 16,0 189.. .9 :,  -?;1711213071 11,47 3*38 173. 2*44 71*-o1442#042 ?4.1 190

P-),i'I 11 074 1 .8n 3,41 221. ?.49 80,-.0472*052 27.6 190P23A1211174671 6.74 2.32 174. 1.59 54. .0921.002 10.8 188 7,20 2.37 198o

8. 23 111746'7? 7,7r, 2%5A 170, 1,94 57* o1131,330 14.7 188A-)3Z !1 I1 1746-1- Co)91.1 2,75 1860 108P 65*-*0111*653 .?2*i.  18BpP?-(,1711174674 l1.n4 2.89 215. 1.44 88. .0821.381. 9. 186
,2t-1 '11191O71 7. 7 2.71, 86o 2,02 34, .1881,274 t3*5 189 8,53 2,77 116,
2 A.IA11119 307P A.68 2.81 13. 22' 57, .1851.596 15,6 A90

L1%,24AI l'1f ,31.nA 3,?4 1.1, 2.08 83, 0181.88? IM.3 188'/4171 1 1 7 ) 1.: 0 2.48 Aq49 222. ?.ran 77o .1461.604 .*7.4 1884 { 12fl?13.)71 8,66 3.06 120, 2.18 48s ,1151,356 .0*4 189 9.29 3.08 142.
I2r'^A211?13J'?2 9,-' 2.99 130, 2,24 40, .0391,643 14,4 189
m I 8rII1?11213071 11,51 3.3Q 187. 2.47 75*-.1352.n67 ?2.0 190

r,5 A 11P13074 13,91 3.42 224, 2.47 83s,-s,252,73 .5.0 190

I 11319n5-"1 3,66 1*14 67, ,53 24. .150 .469 ti2l 182 3.40 1.14 69.
l-l")I9057?. 4,24 1.21 70. .76 32o *017 .644 17o 184

II '- n19 113 17? n I ,f, PA 76, *19 A, .17l0 *27-3 gel MI

'All 171I n .1? 764 7 46 o6A12 .7?9 8o 194 1*51 *99 78e

Intl II0o0) 2,4 .8(, 14. .69 59o .142 0366 "7.0 196
r')1ll 0l73 2.95 ,9 , ,61 4*9, 9119 , .8 8.,8 193

e ') V , - 4 .12 .97 il, .46 23o o145 .494 ;5*6 100
I- In 1:t1 2(F ,%4 o. 1. *44 46, .130 1347 6o4 185 1,98 1.16 46.

..., I . I P , 444 6.9 183
I1 '1'190M2(071 12M 1.19 A7, .74 46. A5Q o 571 9.0 176

#9A7 74 1,.4Q , r.lt 2%~0~A8 11.6 177I i 4il l''-N 71 . 6 I.IR 4 A , I e!A, 50, 177 ,61A 00 ?IM 4,72 1.15 57o

It~ " 'l& 7( O.1e Is 1; 197 .1 r, M *.1. A 6A, 171 7 4 on 9 1M

I IsI4,?1 4,1o1 1,48 4M, ~n 36, .246 .691 7,6 185 4.82 1.50 93.
fs") 6 I( 'I8 0 " 1., 1 , 1 64 m I tp -%B, % t) I c 10nn I 2ne 191

I11 80 . 7,56 1.61 135 , 1.08 47, .146 .843 35.S 197(, 1 1 ? nl P 7 1. 4,23 1.37 49. ,95 37o .o n4 ,615 11,0 186 4,30 1,3"7 59,
1 I A020'? 498, 1.5? 6 o 96 19* .150 6794 197 187
11 11M)11' 5.8 1.6A 66. 1.05 31. .IA8 .941 29,6 189

VB
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LAKE UNION INTENSIVE MEASUREMENT PROGRAM DATA SUMMARY (continued)

171A)11 2n2074 6,74 1,74 P6, .81 31, 236 .811 35,0 188
121101' n2>;71 4.22 1*07 1. .94 06o .203 .614 11.0 186 4.29 1.37 60.
117 1 1727 4*, 15? 67. .96 39o .148 s793 20.1 187
'12121ll'22?7l S,79 1.6A 69, 1.09 31, .1n6 .938 ?9,5 189

l'712011%22n?4 6,74 1.74 86, *83 33*. 237 .811 35.0 188
1211011-2'42071 4.55 1,31 72. .84 2?. .095 .668 9.6 180 4.49 1.27 84,
1?1301%32072 5*2" 1.49 98. 1.00 25.-.099 *887 16.7 180
?12?0113 23207 6,29 1o54 149. 1.13 28-.06g .981 18.8 181
1213C113232074 7.49 1.4e 197. 1.16 40. M46 .817 .5.7 182
121401IL22071 1,4A 1,21 86. .74 17, .132 .539 8.3 174 3,29 1,20 91o
1214f1147217? 3,8 1,21 90, .78 24, .027 .678 10,3 174
1?14"111422073 4,q4 1,41 45. 1,11 23,-o010 .838 18,3 173

4011 4Ihn274 6.41 1.3 41. 1,22 3, .092 .740 ?8.2 176
1 1*, 0*1 45 27l 75 .5n 26. .44 51, .061 .2A8 6.9 150 .24 .42 6.

-?2]$~7r1 s 60~. 5 68. .014 .29n t3o2 16?
171r r'11h9 .73 15P .68 67, .8n 6r,-,M33 .392 16.4 155

I, I 1 6 1)5 020 74 1 r) .P4 105, 991 ';9 -06 ,.398 16.8 154
1 1 117071 6,44 1,80 81, 1,10 1, .264 .923 9,0 186 6,76 1,77 97,
13110114074-'7? 7,? 2'A 10 1,29 34, .0821.139 11.0 186
13!10114074071 8,98 2.07 178. 1.53 36.-,0271,256 '7*1 190
1 1C114n7 4)74 10,12 2,17 262, 9Q8 46. .1421229 .7.0 189

i :i ;

--1

1)
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4 1 KIXI AND SEA-TAC INTENSIVE MEASUREMENT PROGRAM DATA SUMMARY

kI-I I 3 11 7P401 9,qn 1.92 340. 1.42 124.1.065 s867 40.6 336 8.91 1.61 337.I&v.1%117P4rn2 9,4? 1,55 270. 1.18 9A, .6641.168 45.2 338

1~ ~ ~ ~ ~ ~ ~ ~ ~~~11 6.?. 11,911o 4,-72 1 ' 8
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APPENDIX C

INTENSIVE MEASUREMENT PROGRAM SPECTRA

The individual wind component power spectral estimates

for those intensive measurement periods analyzed are presented

in Appendix C. The banded power spectral estimates for each

test are contained on cards. This Appendix is a listing of

those cards. Due to the number of spectral estimates obtained,

2 cards are required for each component. Thus, for Lake Union

26 cards are required for eabh test. For the KIXI and SEA-TAC

tests 14 cards are required.

On the spectral cards the identification field has been

extended to 15 columns from the 14 used for the data summary

cards listed in Appendix B. The information in the first 14

columns is the same as on the data summary cards. At each

level the spectral cards are numbered to identify the compon-

ent and frequencies contained. This number appears in column

15. There are a cards for the lowest level at each site and

6 cards for each of the upper levels. Cards 1 and 2 contain
the power spectral data for the Gill anemometer u component;

those numbered 2 and 3 contain v component data, and those

numbered 5 and 6 contain w component data. At the lowest
levels at each site the cards numbered 7 and 8 contain data

from the cup anemometer.

-- On the odd numb red cards the data contained in coluitAs

16-20 and 21-25 are the mean wind speed and component variance
in ,/s and (MiS) respectively. Taese 2 fields are in FS.2

and V5.3 format. The mean wind speeds are derived from the

Gill anemometer except for those given on card 7 which are
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for the cup. All variances at those computed following

detrending and tapering of data.

The spectral estimates are given in columns 26-80 of the

odd numbered cards and columns 16-80 of the even numbered cards.

The spectral estimates which have been normalized to the com-

ponent variance start with the highest frequency band and work

p toward lower frequencies. The center of the highest frequency

band at Lake Union is 1.125 Hz with the center of each suc-

ceeding band reduced by 75 percent. For example, the spectral

-C estimates on card 1 are for 11 frequency band centered at 1.125,

-- J< 0.844, 0.633, 0.474, 0.356, 0.266, 0.200, 0.150, 0.112, 0.0844,

T 0.0633 and 0.0474 Hz, respectively. On the even numbered cards

the first frequency band is centered at 0.0356 Rz and the last

at 0.00150 Hz. In three tests (1-3, 3-2 and 3-4) only 2048
data points were analayzed. For these tests the lowest fre-

-0, quency bani for which spectral estimates are given is 0.00266

Hz.

The sampling rates at KIXI and SEA-TAC ware somewhat
greater than 2 Hz, therefore, the center freuencies of- the

spectral bands start at 1.227 11z and decrease. to 0.0690 Hz o.,

v the first card for each component. On the second card they

decrease from 0 C518 to 0.00164 Hz.

2 "
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T11

LAKE UNION INTENSIVE MEASUREMENT PROGRAM POWER SPECTRA
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LAKE UNION INTENSIVE MEASUREMENT PROGRAM POWER SPECTRA (continued)
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LAKE UNION INTENSIVE MEASUREMENT PROGRAM POWER SPECTRA (continued)
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LAKE U1NION .LN'TENSIVE MEASUREMENT PROGRAM POWER SPECTRA (ct.--ued)
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LAKE UNION INTENSIVE MEASUREMENT PROGRAM POWER SPECTRA (continued)
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LAKE Jh(7.CN XTISIVE MEASUREMENT PROGRAM POWER SPECTRA (continued)
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LAKE UNION INTENSIVE MEASUREMENT PROGRAM POWER SPECTRA (continued)
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LAKE UNION INTENSIVE MEASUREMENT PROGRAM POWER SPECTRA (continued)
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LAKE UNION INTENSIVE MEASUREMENT PROGRAM POWER SPECTRA (continued)
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LAKE UNION INTENSIVE MEASUREMENT PROGRAM POWER SPECTRA (continued)
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LAKE UNION INTENSIVE MEASUREMENT PROGRAM POWER SPECTRA (continued)
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j LAKE UNION INTENSIVE MEASUREMENT PROGRAM POWER SPECTRA (continued)
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LAKE UNION INTENSIVE MEASUREMENT PROGRAM POWER SPECTRA (continued)
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LAKE UNION INTENSIVE MEASUREMENT PROGRAM POWER SPECTRA (continued)
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LAKE UNION INTEN1SIVE MEASUREMENT PROGRAM POWER SPECTRA (continued)
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LAKE UNION INTENSIVE MEASUREMENT PROGRAM POWER SPECTRA (continued)
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LAKE UNION INTENSIVE MEASUREMENT PROGRAM POWER SPECTRA (continued)
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LAKE UNION INTENSIVE MEASUREMENT PROGRAM POWER SPECTRA (continued)
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KIXI INENSIVE MEASUREMENT PROGRAM POWER SPECTRA
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KIXI INTENSIVE MEASUREMENT PROGRAM POWER SPECTRA
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KIXI INTENSIVE MEASUREMENT PROGRAM POWER SPECTRA
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APPENDIX D

AVERAGE TURBULENCE INTENSITIES

Appendix D presents the geometric mean turbulence inten-

sities observed in the climatological measurement program.

Turbulence intensities are defined as the rms gust velocity
divided by the mean longitudinal wind speed. As a result,

there are three turbulence intensities of interest for each

wind measurement; the intensity of the longitudinal component,

the intensity of the lateral component and the intensity of

the vertical component. In the compilation of Appendix D,

turbulence intensities have not been included when the mean
wind speed was less than 0.5 m/s (1.1 mph).

I iTurbulence intensities are tabulated by site, level of
measurement and wind component. Lake Union turbulence inten-

ities are presented first, starting at the lowest level and

working upward. For each level the turbulence intensities
i are presented in the order of longitudinal, lateral and var-
i tical components. The KIXI turbulence intensities follow

P those from Lake Union, and the SEA-TAC turbulence intensities

are presented last.

I within each table in Appendix D, the average intensities

Aji for the component are given by speed classes (m/s) and direc-
tion classes. In addition, averages for all wind speeds in

each direction category and all directions in each wind speed

category are given in the margins of the tables.

The number of turbulence intensity observations averaged

in each category are given in a separate table following the

three turbulence intensity components for a given instrument.
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APPENDIX E

TURBULENCE INTENSITY DISTRIBUTIONS

The percentage distributions of turbulence intensities

are presented in this Appendix. Separate distributions are

I given for each site, level and component as in Appendix C.

In this Appendix an additional categorization has been made.

Scparate distributions are given for wind flow over the two

sectors at each site having the greatest difference in sur-

face roughness. The sector to which each table applies is

indicated at the top of the table. The total number of obser-

1i vations included in each table is given between the upper and

t lower sections of the table.

_T!  The tables in Appendix E are divided into an upper and

lower portion. In the upper portion of the table, the per-

cent frequency of occurrence of observed turbulence inten-
sities is given by wind speed (in m/s) and turbulence inten-

sity classes. The total of all entries in this portion should

equal 100 percent (plus or minus small rounding errors).

. Again marginal distributions are provided.

In the lower portion of the table, the percent frequency

of occurrence for each wind speed and intensity category has

been normalized to the to al percent frequency of occurrence

for all observations in the wind speed category. Thus, each

row totals 100 percent. The lower portions of these tables
were used in compilation of the probability distributions

persented in Chapter 9.
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APPENDIX F

AVERAGE TURBULENCE LENGTH SCALES

In Appendix F, average length scales are presented for

each turbulence component. As in Appendices D and E, the

tabulations are organized by site and level, as well as com-

ponent. The average length scales presented have been tabu-

lated for all observations with wind speeds of 0.5 m/s or

greater in which there were 512 consecutive samples. The

length scales were computed from the integral time scale and

mean wind speed using Taylor's hypothesis, (for details of

the computation see Chapter 10).

For each wind speed and direction combination the tabu-

lated value is the length scale in m. The length scale values

contained in these tables have not been corrected for length
of observation as suggested in Chapter 10. Thus, to obtain

more realistic estimates of the actual length scales the tab-

ulated values should be multiplied by the appropriate value

of A given in Table 21 in Chapter 10.

As in Appendix D, marginal values in the tables give

average length scales for each direction and wind speed

independent of the other factor.

Following the tabulation of length scales for each instxu-

ment is a table which gives the number of values averaged in

each category.
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APPENDIX G

TURBULENCE TIME SCALE DISTRIBUTIONS

The data in Appendix F show little, if any, systematic

variation of turbulence length scales with wind direction.

As a result, the distributions of turbulence time scales pre-

sented in this Appendix have not been prepared as a function

of wind direction as was done in Appendix E. Rather, all
wind directions have been combined.

The tables in this Appendix are presented with an upperAi. and lower portion as was done in Appendix E. Again, the num-

ber of observations included in each table is-given between
the sections.

In these tables the percent frequency of occurrence of
each time scale (length scale/wind speed) and wind speed

category combination is tabulated in the upper section. The

summation of all entries in this section, exclusive of margin-

al totals, is 100 percent. The distribution of time scales

without regard to the wind speed is given in the lowest row,

while the total column gives the wind speed distribution.

In the lower portion of the tables of this Appendix, the
data from the upper portion are repeated. However, each entry

has been normalized to the percent frequency of occurrence of

the wind speed category. Thus, the sum of the frequencies of

occurrence in each row should equal 100 percent.

The data from Appendix G were used extensively in Chapter
10. Prior to use of these data to determine distributions of
actual lenth scales, the appropriate values of A from Table

10 should be applied to the time scale category limits to
obtain more realistic values.

G-1



M OD 4 
ta C2. 

.- 
x4

4 9b '0 0D 4 * 9 9 . 0

P. N P. 434 0 0 0 0 0

.4 A

* I - 00 00 M N 0 .. 4 0 0

kn # I

AEA-44

-E-4

9~~~. CD 9* 9 4 9

.2 
C4 -0 M 41 CV. M 'C CD.C N 0

.4 0

fr. 0 o * 0 ) 0 a . 0 0
C- -04D 4A 4 0

S~~~~~ oa , 0 0 oa 4 - V 0

* a

I .. N 0% 4v
ti4

4 v 14 %A

10 0

0 >4

e A4

fS4 Lft- . ~

11e a~
In

C. e i 0 I n 0

to N 0 ~ .t ) 4 N 0



C- * P- %D a4 a4 -0.

E- 40 .PO 0 0 0 0S ~
0~~~~~~ t9 N

a 0 a aD N Oh PO I

.~ S 4 6 S 5 0 .4 S 6 6 e4

-jt .0 4cu .9 . N 0
cm*1.

m3 Ir I

. 0 U 0 .0 0 Q c ID CuW -

a 0

Im.
a ~ ~ ~ ~ ~ ~ u &0 

Q l0@ n.0

4P4C

to'. N

00

00

744

%1 0.



, ,, .
OD 

.P " 0 0 0 e a o , a

.J 0 t' *,' P. .4 o• -•4,m 0 01 o *, 0 0 O0

I- N P.,* o 0 o ,,. o go t
4Da p. D 0 0

E400 
"~~0

a . a a 0 o o o o
0.i S S S * * 

* .
5 4

I~~~~a -
0~aaa*0

iti O c"

E4 t., o , N kn a

is 0' t@A a 0 00 ~ I a

0i+  (A I o . ,+ o
4 .:9 . .-

0 f a *

1, pp. 4

-. 0". -
o, " -" .

+,l,

G -44 0 0 0 A 1. '0 l 0 0I

a 0 0 4' 1 0 0 + 94 0 I '44 00 0

!a /. +,. 
Q - p. Q -

0 0 0* E . a N o o

I: 
* 01 m N 41 

:

!I."44,0 
I 5 4' . 0 . . 0

.
0

# ',10 0 * 0.. C* 4 ,

' "0, ' 
, '. P. A 0 *. ~ 0



6nl a w Ll 0 0 000 .j (9 JD C2(1 0 .J 0 0 2 0 0

4~~~~ 0 a * Da. 0 n p. ,P 0 G a 03 0 0

0 - in N C 0 0 in 0 0

go, 0 4OO o 0 cm

- 0 4 m to 0 0a

4 ' N l 0 in * (

E- 4 P 2

4w tM n 00 4 fm a 0N t0 0
Ak ' I In 0 0 0 0 fu -,p

S ~ ~ ~ ~ .4 4 S.. 0 5 0

0A 0z -0 M,4 4 1. 04

a it

v:. 0 ) q N f

in UN0 N -f 10 in IL 60? 00
,~~~ ~~~~ S n

0 01 V, P

4- P4 Nn in C C N * 0

00

z In

0* A

0j A

ziP G-' 014 5 0 584 . 00



N CI

4 0 l t4 cm 4 0 09

cc 00 0 C 0 a

0~i In 0nN. , - -

E-1-

a A'

E- * 
n 

*D 
LA0 

c * 4 4 '

.4~I 0 
ok( 4 0

Ci 
'0 7

P4,

-4,f

. . it

* 00 ~0 0 .SU 6. -6

FJ~~~~~~~j~ 
LMa ) N . 0 0 0 ~

U 9 9 9 5 9 UG-6



a~ N CD I Lfl 0 a 0 0 p 10 m
*P D .0 $1 - 0 JO a 0 0 C) 0

0 0 0
An . .4 0

in OA 0f .42 ::
*1Uc In fn fn D 0P P 0P Ei qC D a, x 40 40 0

in * a 3 . 0 a 0 Cm P. P- (' 0 o

I.. in pi 0 0 0 cp a 0' 0 4

E0 i v g o k0 CM #3, 4 -0

94 . 5 0 0 -4 a P. a 5 0% 2 0

to N* a~0

Qn mA It 0 a 4 0E- 0 cmI 0 0 0 a00 0 4 - 0

~~~ 00 #,a 0 . 4 4

ow $1 fu n J 0 a ' 4 0 - 0 0 0 0

a p C 0 0 3.4.
~ * 030~~zW '7

o * -.' 5o J~ Pa C P. 0 0 0 ~fu
E44tI mM .* 4 P 3 . U * 0. 4 . 0

P2 0 0 4 0 & 0 9 2 0 5 9 5 as

K~~~t 0 $~ 0 0.0 c a

E -4 #-4

co o '

t4 -

o ~- a



.A (V LA .~al - t0 0 0 C' 0 a

. ~ 4 4 4 0 04 4 0 C2, 0

C9 .- - -4 -l .4 .4 0- 6

.- -(l00- 0 (P CI CI- 0 0

m co C3. . 0 0 4* N . 0 0 0

0 cp 0 In In a

m~ m i o co a N. tn o a

P4 . 4 to4(J~9 4 N 0 0 0

.0 f00u~ 101 00o 0 - ~ 9

.4~ ~~~~ 0 0 S- 4D 0 * S
0 (10 0 P .P1 V 0

Wk 4 .t 4 1

SO cc 0 00 ~W IS 0 0 0

I-SO 4) P. a 10 0 O14 0 0 11 . 0

>4 .

0 V4 tr60 Ul .bO 0 t - 9

M -4 j -4 4 0. -4A

0@ V0 0 0 0

C- fu-

M 10

>4 0. A; all.. 0 0

INN I

IOI 0 4

G-8



a o en )

-
°  

- * 0 0 
°  °

"_ pi,. q A 'l •4 ' o_ 
,

'1 in 
I 4o- -

, n u. O o In 0 o In-. 0 ,n '0 •

LnN 
4 0 .

E- C a P .o o o,- - in

1 S * * .* . .4 * ' * '4 * •

C44 -
A (a

4M4
EA ~E 00

S,, o 0 - n ® c 0

m~,: " "."." ,

.4

cc-,0 'p 
t 4eI.

' ,.| llI iA , P it N e~ '0 .~ 4

'4 S 4 * 4 4" °4 ° S ' < '-

4 

S

, ,. 
,9

* n[0~0I 00~ E

p.. i 
-*C qi' 

0 lE



r- m k0 0 I9 -. 0a 03 0 0 0 a 0a

pi c 'Cl 4n 0 0 0 in cm Of 0 0

in a a a * cu .03a 0 0 4

E- %n4 0 0 M N 0 in a

a. CP Q4 0

*~~~1 U. .4C 0 0:.0

0 o0

0 0 - o V4 0.

ell IX S.

000S00 4 P0

C0 to 0 .

E-4 0 0S 44

At *1

P 1 4 4 .0

*44 * 45 .4W ~.5k

0 ~ C 0 5 d C a toC a-F 1,110

a ~ £ Q I - C C~. 4 adii . . l .
59 S 4 I * 0 40 ~ 4 4 "I

CU 0 o~ ~ I 4~'G-..4*0



t Ct

0 C2 iCa Q na 0 03 C.

UY m) 4 0 tC 48 0 0 m a 0, f

o 0 ? 0 * 0 , 0 j' ? 0

Fq I

.0~L fu ca 0,c 00 '~ ~~

E- MO cu * ? * 0

kn N

ko to tocaD 1; C

0 th 
4. A Ca

0 to

0 >

th 0

4t C 4C



OD ~0 N inl a a 0 a
i n (Y N in U0 .J 0 Q C> a e

0* W-4 . a 4 4 ( 44 4 co o o

i-~ ~~~~ oi 01 .a9 ) C

O4 w 0 0 0 60ka a
E-- a4 C* &A A 4 M Q a (

a Ok 5 . 0 9 N N

a0 T- Ub a 0 O O lS . 9

.**~~~~ *a '0 N - a a ** p . N -

ID Ok 1, O i ..

tv 0

*~~~~r 4O0 Ib a a P C* - b 0 lb c
0 .o a 0 in a f, o .

4 ~ ~ ~ ~ ~ ~ ~ t e 1 * 5.

AP . f N N 9 a

io .4

a -
lb.

ff 0 0 Q 0 0 -'G.* 120 0



N .4' P4 C- i n ,D 0 M% 0 0 0

kn en m 'm4) r- to ~I 0 a 0 0

0 o to 4') c t 0 Co 0 OD -4 CD 0 C3

,Y 4 4-. C3 I=4 #4 In .4

0 ly~'4 P 4 (4 0.CU ..

W 0 1 0 In 4n f- 0 .4 4) .0 C2
A0 M 4 4) N

oE-4 t-I

.4) In CD 0 4 0 L'0 4 4 4

U m

InI

U* * N 4) N0 0- In 4I 0 U' U) 4- 0 02

0 CC w I

E4 0D w .4 4 a 4 a .4 %

0 I

c f0 c .4 N - 4 0

I I f I .

'1 .~G-14,



aA-4 ' LA 'A 02 0 0 0 0 a a

'V 0 II0 P.4 in.- a a 'o

0m a 4D in 0 0A 0 C 0 0

CD I I- cu P4 c C 0 0 0. A 4 V

:M i n~ in 4C 0 in C0 in 0 00a

411

CU 
e- 

r-a 0'0 A 9 V 0

Eqo to 0 (14 on -0 r- 00 0

E-4 c:

~ a a a 4 P1 P4 9- 8'4 *

*~~~k 
-4 %o O C8 0 0 0ii00 0

IE- a 4

in o to 4.k @ 00 a1() p 0 ..

0 - I L . * *Ao'0 .

1' 0 .4 a 04 . 4 .

0 &A 
c 0 40 af

10id A 00. 3 a fo 00

0 0

H~~~~ to1 9 QN

E-14



-. -. If 6A ft q* 0D 0 0 0 0

.5 t ef n 04I . c o c

a1 0 0 0 In In * -40 0

0 CO -on0 0 0 0 .* P V

0 0 0 0 m C 4 0 N 04 P.- 0 0

E4 
m % 0 0. - - f 0 0 

*: on 0M 10 0 4 'o

E- b.0%a q 0 0 0 - 0 1- * 0 0 S 0

o %4 04 00 0f a f f 0 0

1* .

0

0I I

04 
IA %a 0 0 a 0 

aI fu loo 06 J

v4 0 P S *4 AA 0 0 0 * 0 

S n t 0 % c P. 0 0

4 .

1,404

E- Z 0 S U 0 0 " in m 0 0

Io. 0 0 A1 .4 54

0 m

1-40

cl 00I 4 01 01 0 CP.0.ft 0 90 0 0
* ~~~ ~ ~ ' 01 u0 0 n.0 f nI n 4 0

5~ 9 0 0 S C C 0 S I 0 5 * *

ft. Of aI N f

M CIO

W E

0 nP 0( 0 0 4 EP 0

OA t ' S . . 0 I S * I ' 0 0



dig .0 - ( U 
0 0 0 0 0

04 in . * *U C UU

f. 0 - ir 0 a to CU in a 00

A. 'CM .4 - - 4 a4 .4

E-4 
'a AU (U .

1 
6

*~~ 
~ * in co U * 6 0

0c- O'044 I(U 
0

E -4 
L .

00

tt

E-0 m6

17.

S ~ 0 9 0I

04 0 0

O -g 0 0 It4 - . 0

04 04 Z 4

i.4
.0 .

I,4
.'0 p. 'I 01'co 0.0. I- 0 0

IA VI

it-
I 0 ~~~~~~6 0 6*4 -l-P. 400

* 00 -S 00 .awe

.0 * * U * * ' * * * 16

S LU 0 S- S 1.00 P LU 9



40 C C3 C2, 0 C 0
0 N 0 J 0 a C 0 0 Ct

4 a 0 i 0 0 0o 0 40 *

0~4 'D inC a c I- C.3aa a

0 in 0 on 0 q 40a 0 0y a 1. a 0a .

"-E-4

* . E p9 ~ a~ CIOE .fm 4a 001' * In p VI 0. ftQ0 0 Eq N A N 0

in~ -u 
in0 ow 

00 0

a. a; a 4; 0 N N l .

E-4

. .0 . . . a . a 0 . . .
.0 ~ ~ ~ ~ ~ ~ ~ ~ -.4* a i..a a E . 0.0 p

cm 00 in 0 0y a a

00 0

CU .0h

in- 0. .4 0 I- 0 NW 0 0
P0~ ob 0 0

cp .0. 4 a v ok 0. NE a

IA (m ift 0

01 P . I.. 0 0 0 0 loo f 4 0 o

InI 0 r 4

* ~ s aM in00 . 0 N .

M A

0 a

Z 0n

0 in

0~ inJ lb40 . 4

G-1



w J0. %D c C 0 0 C 0 C CD
CU 4 Q 0 0 0 4 0 4 9 0 0 0a 4

1.- 0 4 4 0 N 0 ) 0 0 a 0

Po m 01 C3 1 0 0 a c o

B- B- .0. I 4 %.4 fn.

ON M a 0 co4 m 0 n

-E14

0.4f in k4 0 * 0 C U' @0 0U in 0 40 0 a 0 p. .0 C
H .4 5 049 S 4 0 0 - 0 0 5 S 5 0 0

0 -40 a 0 NS 4 tn vq cy a o a
* Im

.W4

V4 ~ ' aC r- 04 W 1 0~ 0 0

ONI *I

t %D o40 001 o %o a- o

MI N

EA o~ 'o on o in0 0 tN MC 0
.4in4 0 9 u 0 0

NO~~~~ Q. O 4 0 ~ N .,

44 I 0

I ~ ~ ~ ~ > 0. ~ 4 0 ,N aC
0 .'40) 0 . . 4 n n

0 M 40 M 0 4 0 .0 0 4k 0 0

a 0 a 0 4 0 94

4 ..
0

in 4 4 0 S S n 0
rA 0 W

I J,

w I40

G-1



N 0 C)4 a a0 0 a 00

f- 60 04 - 0 1 0 6-0 0 0n 0 0 0

kt * - 0 0 1 0 0
0 ;' -A - a . a z 0 ; 0 0 ;~f ; 4

~ 0 9 * 0 6 0 0 Q, fu 0 * 9

4D 0 0i

E- a e-' CF ty a !f C - - co In @

H in M11 00.0 Cm 0 0 *0 0

E-, 9n 0 4C - 4 CM * C3,

6 IIn

ft, 1 It 0 4 1 *z 1 - I 0
* 99 0M 0 4 4

I. 0- A0 in (0). O .

0 N 0

0.. w %a A I . 4 : f:-* 0 0

CU~~ 0 9

%0~~~ 0 nm f

a ~ 0 00h

0 4 0 ft 5 9% 0 0 0

a0 2V, 0 C; i 41 C

.01

0.0000.4010 0) 40 0 0 0 0

4 v 0 #*' 1 1 0 A

I N 01, 0.4 6- I0) 0040 *
A- ) N

G-19



0 n 0 it a a 0 0 a 0 0 0

e 0 O) i0 .4 0 0 0 0 0 0 0
o ) N0 0 0 49 0

W. rna - o4 o = . .4 C

Ok 0 0 a a -4 .p 0 0 0
410 6 N a a 0 0 0 N 4 f

do0 0 f n cy .0 f1 ca 0 @

* . 0 0 40 0 0 *D fm 4 ot 0 a a
6~~~~~~~ '0NO 0 0 46i a f 0

.0 U 0n a 0 .D a 0 CD 60 40 0

-4 N0 cm 'a ( 0

cm 0

0'

E-4 4

0 P. 0 0 0 CP 06 N ~ 0

.4 0 0 S S S N 0 0 0

S to 000 4 a 4 4 '1f 0 0

* f1 0 0 a '0 C0

W4O I 4D1 0 6I I" af 00
4.4 00J? 40 IO N 0

z 04

0 m

Is Q 0 0 0 cc cc S i 0 0 a 0

l. C. C!

c~~ a .a a 0C

r~jr

j~~ II I I Ia'

- -I- lb- 4

S 4m* S

(WI ~G- 0 ~ f1 I .



w cc a C 0 CD 0 0 0 0
4 . 4 - 4 .l 0 9 6 * 4

-.J 0 4 * ).4 & .J 0 0 0
OD M 0' 0 -. 0 a @

oP 0)I 0 OD M 0 0 0 0

C D 9 0 a 0 0 1 n -; 140 00OD0 - 0 0 3- 0 9D ?- a a a a
E- M P- a 0 0 *: 0 4.*

1: a C; 0 4*4' g V 0 0ac

o4a CD a00 I 4 a Q

Al 0h a A Lb0 8'0 0 0a0

-; 0 i4 fn * * 
s* 4 * S

0 0

t- 0,1 0. a 0 '0 t 4D 0 a o

4: 04 a IV , t 0 0

in W4~. b .

00

*q 0

0 80

fu1 00

04 .
tv f:

>44

3 Al

II10

G-2



-j &A on * 0 In In .4 a .. 0 C0 0 0 C 0

Cm cm CD N4 %D. 0 0 a 0

CD 0.1 C3 a a C C C
M. 0 4 %a .4) ca .4 .

0* 0 *C C C e 0 0 O& 4* 0 .0 C
C ~ ~ C a0N O . 0 CIA N ' 4

in in o a a o a C) m C3,* a

0~. CD 0 o In.P. O P C 0A in A * 1

* M ('1 C C o ' . f C;

IV an a 0 1
fu P. CCC C14
CC

to op 0 o ah 40 ao 40 m in co 4 C

kf 0 C * 0 1 NCC

0 in

C 00 a C0 rl C . MC 0 Cm
Z .0.

40 to ft. 'o f . 0

tn

CC ~ * C a 0 o ~P 0 i n C

Ito! I N

0 in N0 * M in v- in c

iaS

Wa Wa

00 fl'00 00 00 0. .G-22 C



w. Q- 1- - d2 a 42 a a a

0 0% a4 9 a 0

S ' 0, 0 0 N* C o m e in 0:
OD 9i o 9 Q 9 9 9o P4 Lo en in 9

E- 0 A A

a0 0 t Ct

E4 N C3, a . . . 0 0

09.. 4n %a m 0 0 In in OD .0 IA 0 0

V~~~~0 .. 0 C N-

zo0.0 9- ' 00 oN Mm* 0
00A 0 0 in IK S . Ilk 0

04 cu:0
ft Il

0 faS

1 00 C ta 0 0 4CP a . N - O
~~~~~~~ 90 9 9

1 0 0. AO t I N 0 . t

E-4 ;p

414 A S . .000 M C A

o4 '9 I- Ob s N n
C3 ac a

I" us
"I -A. w00 I 4 0 0 . 0 0

4, If
0 *
w.n v 0 CCC CC-23



F.- C) CD00 0 0 C5 0p 4

40- 00 D 00 0

- 4 ac a 0

*~~ ~ 4N * 4. 4D a 0

* 04 0 0 aco a 0 0 ' a -

* OD cu 'c 0* * a in a a. 40
cu U 0 a a 9

c ol l o 4

do 1

.0.0000 a o.*040 P0 C a a

Cp. . P 00 .4. 'C 4 0 0
A4 M N; &A 4D

04 io co

40 40 M 4u 4 0 42 0

100 .1 00 2 0 0

* - 0 04S £

It 0v I-

Sfm 4A 14

in

C ~ ~ 0 ka 0 o.k~ 4

CL

a a N 4~ ,~ ~ ~ Cm 0P9 0a0

4



wa0 ea ii~- C3 a Ca a Qa
.~~~JI 0; *; (1 1) . . ;

I- N 9 4 - 0 0 l 00 0 CD Q

0 el .4 Co C3 p 40 a0 a 0

I- -4 toy

C. a 0 a2 a 0 a%. a in .4 v 4 0 C a

Il 0' co Qn co 041n
a~~~ ~ 0 CD .. a Naam*

co 44- a a a6n 0 In t a ax

t 4. 'a C n 3' in 0 90 8 C

a t
a~~~~ 40 94 0 a a a b n. a

Cz2 :

0 fu M 0 CD
- a - - r - c '0 3

JA S 9 9

f0u ' 1~ 40p IA 9 9 0

* . 0 0 m 0 0 iA - m P- a

404

w4 S *; co 4 S

0 4n

G-


