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ABSTRACT

It has been established that Industrial Aerodynamics wind

tunnel tests should be carried out in flows which model

atmospheric Adiabatic boundary layers . In order that the models

being tested should be of an adequate size these boundary layers

should be as deep as possible . Such a boundary layer can be

produced naturally in a wind tunnel, having a very long working

section ; the object of this work has been to devise a system

which would reproduce flows having the structure of Adabatic

boundary layers in a few boundary layer heights .

There are some conflicting opinions in the literature as

to the nature of the boundary layer structure for various terrain

types or , how the flow structure varies as a function of the

terrain roughness . Consequently , the first part of this work

was concerned with deriving the boundary layer structure

appropriate to flow over various types of terrain . This was

done by reviewing and analysing the available meteorological

literature for the period 1880 - 1972 . The analysed data are

finally presented as a function of the roughness lengths

appropriate to various types of terrain and these data are

considered to be the most representative available for adiabatic

boundary layers .



Many methods of simulating such flows have been attempted;

these have been briefly reviewed in the second part of the work

and were generally found to produce flows which did not have all

of therequired turbulence characteristics . The method described

here produced all of the mean and turbulent flow properties

required in a length of between three and four and one half

boundary layer heights . In the first instance the flow appropriate

to rural terrain was produced and subsequently , with the system

for producing the flow partly modified , the flow characteristics

of urban terrain were simulated . The structure of both of these

boundary layers was consistent with that predicted by the analysed

atmospheric data .
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1. INTRODUCTION .

At one time , in the field of Industrial Aerodynamics , a

uniform airflow past a building or structural model in a wind

tunnel was considered adequate for the determination of mean

steady surface wind loads . However , with the advent of taller

buildings , and larger buildings having complex external shapes,

it was considered necessary to represent at least the velocity

profile of the atmospheric boundary layer in such wind tunnel

tests . Since economy is also of importance , these buildings

tended to be lighter and more flexible in their structure .

Consequently , it became apparent that it was not sufficient to

measure the wind loads on a model building in just a shear

flow , as under such eonditions , the approximate mean wind

loads only are obtained .

It has been found that it is also necessary to know the

magnitude of the fluctuating load component which is superimposed

on the mean loads . To determine such loads it follows that

wind tunnel tests should be conducted in an air-flow that is

fully representative of an atmospheric or rough wall boundary

layer . This in turn implies correct simulation of the intensities

and scales of the turbulent quantities of these boundary layer

flows . Since the relevant wind-loading cases occur in high

winds , which give rise to adiabatic equilibrium and where the

turbulence is mechanical in origin , then the conditions of stable

and unstable equilibrium in the Earth's boundary layer need not

be considered here .



A rough wall boundary layer can be grown naturally , but

this requires a prohibitive length of wind tunnel working section.

The object of this project was to devise a system which would

produce an accelerated rate of boundary layer growth and produce

an equilibrium boundary layer , having the correct scales and

intensities of turbulence , in a distance of three to four

boundary layer heights . The system devised should also be

flexible enough to produce the boundary layer flow appropriate

to various types of terrain varying from say rural to urban .

As a consequence of this it became essential to have

sufficient information available from which the various types

of adiabatic boundary layers could be defined and from which

some knowledge of the flow characteristics to be simulated

could be derived . With this object in mind a limited amount of

meteorological data was initially examined and sufficient data

extracted from which the characteristics of "typical" rural and

urban sites could be defined .

The prevailing general opinions , at least amongst

non-meteorologists , suggested that there was "insufficient data

available " from which to define adequately the atmospheric

boundary layers of interest . In addition , there were widely

varying opinions as to the correct application and analysis of

the data presented in various meteorological journals .

For these reasons it was decided that this was an appropriate

time at which to review the meteorological data available on



adiabatic boundary layers ; in addition , such a review did not

appear to have been attempted elsewhere . Consequently , as a

result of the extensive literature found to exist on this

subject it was decided , for practical reasons , to present the

review and analysis on the structure of the boundary layer in

one part (PART 1.) and the work on its simulation in a wind

tunnel as a separate part (PART 2) . Both sections of the work

support each other but can clearly be presented independently .

As the review of the meterological data progressed it was seen

that a simple mathematical representation of Adiabatic boundary

layers might be deduced . This object was also acheived to some

extent and is included in PART 1.

The meteorological literature for the period 1880 - 1959

was considered first in some detail and clearly established the

similarity of the flow on the Earth's surface to that of a rough

wall boundary layer . As a non-meteorologist , it was also

considered necessary to consider the information in some detail,

both from the point of view of becoming more familiar with this

aspect of meteorology and of acquiring some capability in

assessing the accuracy or validity of the material considered .

In the latter context , various sources of error in this “eye of

data were indicated and discussed and reasons given for some of

the large amount of scatter present . Generally , the progress

in acquiring experimental data and the production of empirical

theories were seen to follow a logical sequence in this period.



The main advances and the more important quantitative data from

this period were then summarised . Consequently , it became

evident that a large amount of scatter existed in the

meteorological measurements which originated from many sites ,

nominally of the same terrain type . Much of this scatter could

be attributed to the fact that the types of terrain which could

be classed as say , rural , varied widely with respect to the

boundary layer characteristics which defined them . Therefore,

although at this stage a "typical" rural terrain could be

defined ,it was felt that the various grades of this terrain ,

and of the other types considered , should be defined more

acourately . However in order to obtain such a definition

additional quantitative data were needed . As a result , the

literature of the 1960 - 1972 period was reviewed with the

main object of obtaining the additional quantitative data required.

Other significant advances in this period were also noted for

completemess ; these were mainly of an empirical nature .

Finally , all of the atmospheric data is presented in a

concise graphical form from which a simple mathematical model ofthe

boundary layer structure for various types of terrain has been

deduced . The information is presented in a form which is easy

+o use and has the advantage that if one quantity from a particular

site is known , or can be measured , then the general boundary

layer characteristics of that site can be readily deduced with a

reasonable amount of accuracy .



All of the known available data has been assessed in some

detail to derive the final figures which summarise the data .

This approach would appear to be justified by considering just

the number of recent papers which have presented inaccurate

opinions on atmospheric data due purely to the fact of not

assessing a sufficient amount of the available literature . On

this basis , and the fact that all the available data needed to

be put on record and analysed by one method , the work of this

part of the thesis is presented .



2. DEFINING THE ADIABATIC BOUNDARY LAYER FROM THE

METEOROLOGICAL DATA .

2-1. Initial Considerations .

The main object of this work is to devise a method of

simulating in wind tunnels adiabatic atmospheric boundary

layers appropriate to terrain varying from rural to urban .

Since parts of the work will involve comparisons of data

from atmosphericand flat - plate ( or natural ) boundary

layers it is necessary to establish that there is some

relationship between these two groups of boundary layer

flow.

The laws governing an adiabatic atmosphere can be deduced

as follows :-

Consider a vertical tube of air in the atmosphereof unit

C.S.A. - the difference in pressure between h and h + dh ;:-

dp = wah ae

where: we ege a = Spec. Weight. ae

(ust. of 1eu.st. of air)

From the characteristic gas equation « pVeRT

iv

dh=- BF ap 2.

solution of which gives the pressure-height relationship

required .



The relationships for adiabatic conditions are as follows :-

¥ e x

pV: Const. oer pV = pV

From which is derived :—

Bia tiee

pep Cr) 3.

and

¥ se -ite
ofa ST; AT 4.

Substituting for p and dp( from equations 3 and 4 ) in

equation 2 +—

s

ah = (3s) Rat

or:

ar = Lapse Rate = - (= alr

which gives a lapse rate of = 0.030° / 100ft

or = 1°c / 100 metres

(or exactly 0. 98°C/100m)

It is more usual to define the atmosphere conditions

prevailing with reference to what is called the potential

temperature .



The potential temperature of dry air is defined as the

temperature the air would attain if brought adiabatically

to a standard pressure Pe from initial conditions having

temperature T and pressure p .

If © is the temperature corresponding to the standard

pressure ‘},. then :-

@ = Potential temperature of the air.

#rom equation 3 +

Hence:
wat oe

er) wl)

(In meteorology Pe is normally taken as 1000m. )

Therefore if the potential temperature ® remains constant

with height the atmospheric boundary layer is in a state

of neutral or adiabatic stability.

If the case snown in Fig. 1(a) is now considered i.e. when

the temperature gradient is less than and greater than the

adiabatic lapse rate . Consider the conditions for curve B

to apply :-



If a particle of air is displaced upwards from P and

its temperature varies as the gradient of curve A , then

at any height its temperature will be greater than the

prevailing temperature , therefore being less dense it

has positive buoyancy and accelerates upwards . whis

corresponds to the unstable case i.e. the potential

temperature decreases with height .

Curve € applies to the opposite case :-

that is , a particle moved upwards or downwards from

P is subjected to a force that tends to restore it to

position P . This corresponds to the stable case i.e.

the potential temperature increases with height .

Curve A is clearly the equilibrium or neutral case and

@ particle displaced from point F will be in equilibrium

in its new position.

These conditions can be summarised as follows :-

A B

© Constant with height - © Decreases with height

Equilibrium : Neutral or Adiabatic : Unstable

c

® Increases with height

Equilibrium : Stable

Therefore for the condition of neutral or adiabatic

equilibrium thermal effects are absent and the turbulence

in the atmospheric boundary layer is purely mechanical

turbulence i.e. it is produced by surface roughness at

ground level.
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Therefore it can be seen that for this condition that

atmosphericand natural boundary layers are comparable .

The Coriolis Force.

However there is one fundamental difference between

these boundary layers and that is , the effect of the

Uoriolis Force , caused by the earth's rotation , on the

vertical velocity gradient of the atmospheric boundary

layer ‘ This produces a change in the mean wind direction

with increase of height from ground level to the top of

the boundary layer.

The coriolis force acts as a result of the sarth's

rotation Fig. 1(b) . As can be seen the angular velocity

vector of the earth's rotation can be resolved into

horizontal | 2 Cos ¢ ) and vertical components

(2 Sin ¢ ) . The important component is 2 Sings which

affects the winds .
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If horizontal motion at a northern latitude ¢ is

considered :-

Air moving towards P from 0 moves in a clockwise direction

since the rotation of the earth is anti - clockwise .

In steady conditions the air moves a distance d at

velocity UW in a given time

i.e.

a-eu.t

However due to the EHarth's rotation P has moved from

P, to Po.
Mt

therefore: s= ut. nsw gt

Ral Sts gy

The air can be regarded as having been subjected to an

acceleration 'a' or transverse force which gives it a curved

path .

Comparing this equation with the standard equation

s = ¢ at’, since the initial velocity is zero

then:

Q=2RSuy.u

which is the side force / unit mass and is called the

Coriolis Force . The Coriolis parameter()is the quantity

250 Sing. The Coriolis Force ( C. F. ) always acting

at right angles to the wind affects its direction but not

its speed.



Now consider a flow in the Northern hemisphere where the

pressure gradient force balances the Uoriolis Force .

The wind direction is perpendicular to both forces .

wherefore: mee

~%4o Bn + FUec =o

CF Coricuis Paennerer)

or 1 De

Ue = Fe ‘DA

(Uc= Geestespnic Wins +)

42



is.

The effect of surface roughness.

Pres.Genv.

Feece

lee.
wey ‘
Feicrien,

The effect of surface roughness is to reduce the wind

velocity and thus the Coriolis rorce . Hence the wind

direction changes by an angle ees due to unbalance of the

pressure gradient and Coriolis rorces . The efrect

decreases as the distance from the ground increases until

the wind reaches its geostrophic value at the top of the

boundary layer . in effect the direction and magnitude of

the mean wind is a function of height and the total angle

through which it rotates is a function of the surface

roughness . This provides the main difference between

adiabatic atmospheric and flat - plate boundary layer flow.

neglecting this fact , pro tem., the boundary layer

quantities to be considered can now be defined.
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2.2. Quantities which define the boundary layer and its

structure.

The following quantities are the turbulent boundary

layer quantities considered on which data will be sought

in the review of meteorological literature in Section 2.3.

Such data includes their variation and magnitude in the

adiabatic atmosphere boundary layer . The quantities of

interest are as follows .

(a) The variation of the mean wind velocity in

direction and magnitude with height

(b) @he values of the roughness length and zero

plane displacement which are functions of the

surface roughness , for different types of

terrain .

(c) @he height of the Barth's boundary layer . It

is necessary to know this quantity since if we

are to produce its model we need to know the

scale of that model .

(4) he Reynolds Stress and its variation with height.

this stress is a function of the surface roughness

and is of importance in producing the turbulent

energy -

(e) The cospectrum of the Reynolds Stress . ‘this

provides knowledge of the frequency range over which

these stresses are significant .



(4)

(g)

(a)

(i)

(3)

Uc)

1S

The longitudinal , lateral and vertical

fluctuating velocities and their variation with

height i.e. the turbulence intensities .

the power spectral densities of these fluctuating

velocities and their variation with height i.e.

the range of frequencies over which the

fluctuations of these velocities are significant .

The intermittency factor , or the ratio of turbulent

to non - turbulent motion , and its variation with

height .

The correlations of the longitudinal fluctuating

velocity for vertical and lateral separations ,

from which the length scales of turbulence

vertically and laterally are obtained .

The autocorrelation of the longitudinal

fluctuating velocity i.e. its correlation as a

function of time , from which the length scales

of turbulence in the axial direction are obtained.

The probability density distribution of the

fluctuating velocities , i.e. determination of

whether the distributions ere Gaussian or not .

These quantities are now denoted by the symbols

normally used :-



(a) @he velocity gradient

G72 Ags

Lo ots PAG

& is the local mean velocity .

Be, Wan is the mean free-stream or gradient velocity at

the top of the boundary layer.

(b) Bhe xo ess length and zero plane displacement

are defined in the equation ;

a ' Bs

EAR. Ae Dose a

Ur eorla is the friction velocity

k is Von Karman's constant

y is distance measured vertically from the ground

y is the roughness length
°

dis the zero plane displacement

(c) @he boundary layer height

defined by the symbol S

(d) @he Reynolds Stress

defined as, uw

where, WwW is the longitudinal fluctuating velocity

\s' is the vertical fluctuating velocity .

This is usually normalised with respect to the free-stream

velocityeq. a



(e)

(2)

(g)

AT

The Reynolds Stress Power Cospectral Density.

Denoted by-

Suu Gr)

This is usually presented as-

fp) Suvtry \h. rn.

The turbulence intensities.

The r.m.s. of the fluctuating longitudinal velocity is denoted by-

‘i
From which the turbulence intensity is-

fA
The lateral and vertical turbulence intensities are respectively-

ae eh

The Power Spectral Density.

Denoted by-

Su@), Soa, Se

for the longitudinal, lateral and vertical fluctuating

velocities respectively.
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(h) he intermittency factor

Defining the fraction of time , of the time period

considered , for which the recorded signal was turbulent

and denoted by ¢

Cu, So, Su.

for the three fluctuating velocity components -

ror example :-

¥ = 1.0 in the lower section of the boundary

layer

y= oO at the top of the boundary layer .

(1) Space Correlations.

For the longitudinal fluctuating velocity the vertical scale

of turbulence is denoted by ;

Lay = Sr. ay
and the lateral scale by ;

Le, > fRu a3
where- FR, =__Usv's is the space correlation,

=
wa 3

(3) Time Correlations.

For the longitudinal fluctuating velocity the longitudinal

scale of turbulence is denoted by ;

La. = Gf Re av.

where Re is the time correlation,

( The other symbols appearing in the review are defined where they

occur in the text. )
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2.3. Beview of meteorological and micrometeorological data

on the structure of the atmospheric boundary layer fort

the condition of neutral or adiabatic stability .

Since the beginning of this century information has

started to become available about the “arth's boundary

layer . A few papers are also available from the end of

the previous century which are worthy of consideration .

However , because of the development and improvement in

measuring techniques in the lest ten or twenty years the

output of this type of information has increased

considerably . ‘therefore there is some difficulty in

deciding on the best method to adopt in reviewing and

analysing the existing data .

It was assumed that the best way of doing this was in

chronological order . ‘his will necessarily result in some

overlapping and repetition of comments or conclusions from

time to time . However this should be counteracted by the

fact that a more complete picture should emerge of the

gradual build up in knowledge concerning the structure of

the Barth's boundary layer . The various periods should

also be indicated when fundamental facts were derived

either by experimental or theoretical approaches .

Since natural or flat - plate boundary layer work was

also progressing in the same period , reference will be

made to data coming from this source in order to illustrate

its similarity to the atmospheric boundary layer

characteristics . The main concern is with the adiabatic
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boundary layer , however where the variation of the quantities

in question with stability is considered to be of interest ,

or relevant , this will be indicated in the text .

Where possible comments will be made on the accuracy

or significance of the papers discussed . For clarity

these comments will be made in the present tense .

Comments and conclusions made by the authors of the papers

considered will be recorded in the past tense .

The period considered initially covers from 1880 up

to and including 1919 .

2.3.1. Review and assessment of meteorological data

for the period 1880 to 1919 .

One of the main quantities of interest in the atmospheric

boundary layer is the variation of the wind velocity with

height . Some of the earliest measurements of this

variation in the Earth's boundary layer were given in

Stevenson ( 1880 ) . The wind velocity profiles were

measured for conditions varying from light to strong winds

over open ground and subsequently with corn 0.30 m. (1 ft.)

and 107 m.( 3S €t. ) high on the ground . The data was

analysed by presenting the velocity variation with height

as a series of parabolic curves having their vertices

at a point 22 m. ( 72 ft.) below the surface of the ground .

By so doing the lower 6 to 9 m. ( 20 to 30 ft.) of the

profiles were neglected , while at greater heights the

measured variations fitted the paraboles .



rr)

From the present knowledge on boundary layer flow

these measurements can now be analysed to give the

roughness lengths ¥o for the different terrain conditions

specified above ( Fig. 2 ) and the various wind speeds .

It is deduced from the results that Reynolds Number

effects are negligible for the range of wind speeds

considered . The data derived is tabulated as follows -

Perrain : Open ground Corn 0.30m.(1 ft.) high

Jo 0.137cm.( .54in.) 2.27 cm.( 0.895 in.)

Corn $.07 m. ( 3.5 ft. ) high

4.80 cm. ( 1.89 in.)

Since the degree of linearity of the results is very good

he zero plane displacement is not taken into ace: + (Fig.

Therefore it can be assumed that this quantity is not large

in these cases .

Again , assuming that the atmospheric boundary layer is

of the order of 600 m. (2000 ft.) high and that the

variation of the wind velocity with height follows a

power law :-
“h

+“ em Ca)

it can be established that the power index varies from about

1/7 to 1/6 for the terrain variations considered above .
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Considering the sum of £50 which financed the project

in 1880 , the amount of information to be gained from it

is considerable .

From the results of his paper Stevenson presented

the variation of wind velocity with height as a parabolic

law as follows :-

@, = Ue. at a

Gi + Va. ear ha.

this type of data is generally regarded as being associated

with short term meteorological phenomena , which is of

interest , as opposed to long - term or large scale

weather movements considered by Guildberg and Mohn (1883-85).

The work of Archibald (1885) is worthwhile mentioning

in order to record the power law which he suggested to

describe the variation of wind velocity with height :-

Va.

Gia Cy
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Some of the later work of G. I. Taylor , on the

variation of the wind velocity with height , was

anticipated to some extent by Aberblows (1908) analysis

of wind measurements made on the Biffel Tower . However

the arguments given by Taylor will be discussed later in this

section , since he has considered the problem in more

detail .

A third law for the variation of wind velocity with

height was given by Shaw (1909) . This predicted a

linear variation with height as follows :-

— A+ea

Wh = ee Unax.

(CBise:* wee ase)

where @ = Constant = a function of the ground roughness .

The previous three papers will be referred to later in this

section .

W. H. Dines (1913) considered the amount of energy

required to convert the isothermal temperature gradient of

the atmosphere into that required for an adiabatic lapse rate.

It was pointed out that the mixing of the air between

horizontal strata produced the adiabatic state . It is now

known that the mixing is produced by strong winds

generating turbulence from surface roughness .
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This idea of mixing and the presence of eddies in the

atmosphere was discussed by Rawson (1913) , based on

observations made from aircraft flying at altitudes of

150 - 300 m. (500 - 1000ft.) e.g."typical wave motions ,

surgings and splashes can be clearly seen ....." . ‘these

observed motions were not always regular and could be

described as non-periodic or turbulent , at least over

the time periods considered . The same wind was seen to

produce waves of different lengths and velocities , also,

particles observed in the lower layers of the atmosphere

were seen to travel with varying velocities .

So , from this paper , it is seen that the picture of

@ random , non - periodic , type of flow is being formed .

A decrease of gustiness , or turbulence , with height was

also observed in the surface layers .

Dobson , (1914) included extensive measurements of the

variation of wind speed and direction with height over open

country . From these it is deduced that the height of the

atmospheric boundary layer lies at least in the range of

450 to 600 m. (1500 to 2000 ft.) for strong winds . If it

is assumed that a power law having an index of 1/7th applies

to the variation of velocity with height , then the velocity

ratios ( Gane ) can be estimated assuming boundary

layer heights in the range quoted above . These can then

be compared to Dobsons measured values at various heights .

The assumption of a height of about 600 m. (2000 ft.) for the

boundary layer height gives the best agreement between the

measured and estimated velocity ratios . Dobson also showed

that the variation of the
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wind direction through the height of the boundary layer

was 20 degrees .

A paper by Shaw ( 1914 ) distinguished between large

scale atmospheric motions and fluctuations of the wind due

to gusts (i.e. fluctuations having time periods of the

order of 3 to 4 seconds ) or localised flows in the

atmosphere which were not great enough to be represented on

the standard type of weather map . The horizontal scales

of the wind recording charts were normally in one hour

increments , however by expanding the scale to one minute

increments a more realistic picture was obtained of the

velocity fluctuations in a gust ( Fig. 3 ) . It is seen

that the gust fluctuations are in fact very similar to the

output from a hot-wire anemometer in a shear turbulent flow .

Shaw went on to distinguish between gusts associated

with flow from the sea and from the land i.e. the former

being less gusty;he indicated the variation of the character

of the gustiness with height and how gustiness was produced

from local objects such as cliffs and buildings ( Fig. 3 ).

He also pointed out that for a given wind velocity the

turbulence produced was dependent on the surface roughness.

Finally he pointed out that temperature differences

produced turbulence ~ "temperature differences cause convection

and convection causes turbulence ."

G.I. Taylor (1915) on "Eddy motion in the Atmosphere"

is considered in some detail since it was one of the first
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papers,of a series , leading on to the formulation of the

treatment of turbulence by statistical methods . Only those

papers by Taylor dealing specifically with meteorological

phenomena will be considered in this section .

Up to this point treatment of the observed eddy motions

had been disregarded because of the mathematical difficulty

in considering. the behaviour of eddies individually rather

than the average effect of a collection of eddies . This

can be appreciated when the variety of motions described by

authors of previous papers is considered and the variation

of velocity in a gust as shown in Fig. 3.

This paper considered the effects of a system of eddies

on the velocity of the wind in the vertical direction and

its effects on the distribution of temperature and humidity

in the atmosphere .

Taylor defined the average movement of an eddy in the

vertical direction as :-

vu ( a 955) = % (wv ds)

where : ay = the average: height through which an eddy moves

ae)

at an average eddy vertical velocity of WU .

He considered the rate of transfer of streamwise momentum

across a horizontal plane :-

men = {feCa+u)v eal
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and solved the equation for the rate at which the momentum

was transferred . He showed that the effects of a disturbance

was to reduce the x, of alayer Sy thick at the
OM +

rate .

+a 1

e ca x By [_Querage Ualue of FOpyd Arndt area

His main conclusions were :-

(a) "The same effect would be produced on a layer of

thickness Sy by a viscosity equal to ex% (Ba)

if the motion had not been disturbed ."

(b) fhe disturbed motion of layers of air can be accounted

for by considering the eddies as introducing a

coefficient of eddy viscosity :-

ke 2a) - He

and

(c) The value of the viscosity obtained was the same as

that that would have been obtained by assuming that -

* and i . s_ thi 2.

of the layer from which it originated until it mixes

with its new surroundings "

Since : ei = My (s a).

ifop could be measured from meteorological observations

then the relation could be verified .
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Taylor then went on to consider the relationship

between the velocity , and its direction at any height ,

with the gradient velocity and its direction. He

considered a horizontal 2.D. motion having no pressure

gradient in the horizontal direction and represented the

forces due to the Earth's rotation as.

Xe -v 2@n Sug

and

Ye u er Sug

where

Pp = Latitude ands2 is the Earth's rotation ~ 0.000073
rads /sec

The equations of motion were solved in terms of the following:-

Us - The surface wind velocity

Onde The gradient velocity

fan ol - [%]y =0

Typical calculations were then compared with the full scale

data of Dobson (1914) :-

Light Wind Medium Wind Strong Wind

te
Full Scale “Unay : 0.72 0.65 0.61

°

Full Scale <’ : 13 214 20

Calculated o'° : 14 1s 20

A comparison of the estimated and measured variations

with height was presented ( Fig. 4).
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From the above analysis Taylor also deduced:-

y 5 Hn Sage

Cures

tohere: (H = & the height corresponding

to the gradient velocity )

For a south of England latitude this reduces to :-

Ye = #2(0.77 x10.) c.g-s- units .

From Dines (1912) , Wo sowas derived as 25 cm/sec.

= 800mtherefore ; es = 1/2 (e ad, ) = 50x 10? for Hy

da, = 50 x 10° X% 2525 4x 10? cm.
25

therefore d = 40m, (ve. Lay)

This value is reasonably consistent with recent full scale

data . From the same data the eddy size in the

longitudinal direction was deduced as:

70m. fe Las)

Taylor gave for winds varying from light to strong :-

30 x 10? <h% < 60 x 10°

(It is assumed that the above scale lengths are for

heights of the order of 10 to 30 m.)
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Taylor (1916) considere@ the relation between the

skin friction or surface friction and the wind velocity .

He assumed that the laws of dynamical similarity applied

in the case of skin friction i.e. that a tract of land

with roughness such as hedges , trees etc. was comparable

to a rough plate ; in which case , the friction force

per unit area was :-

Fe C es where C = Constant

[ rote: Such a form was derived for pipe flow by Stanton

(1913) at the N.P.L.

es

ive. F = 0.002 e Un

where:

Un = The mean pipe flow velocity

the surface Us 0.5 Ue
velocity _ a

and Un = 0.85 Ve

therefore Us=0.70 Un

therefore F_= 0.004 e Ue Pe

—2

Taylor quoted C of the order 0.002 ~ 0.003 (based on Us )

for Salisbury Plain . He assumed that the existence of

skin friction implied the transfer of momentum from the

atmosphere to the surface air layers so that the velocity

profile there could be maintained (Taylor 1915).
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The respective components of skin friction were

defined as,

Be pe CMa) ye 0, F p (ay) x = 0
x

and the total skin friction,

Taylor (1915) had previously defined (2 ay) y = 0 and

(2% ay) y = O in terms of:

Tye on Uyacs Rend “9c, 4

hence he derived:

Oss Mo Sing 3/47 +h Tax
5 Bs

and knowing the eddy viscosity (% ) for moderate to

strong winds the following was derived

0.0032 S C€ SS 0.0022 for H of 800~ 900m.

or 0.0048 < C SS 0.0033 for H of 600m.

a
or 0.0020 S~S<muS0.0014 for = 600m, Mea V7

since it is known that:

F/unit area ee == ¢
ie ie

oats 4

hence an estimate of the Reynolds stresses for flat open

country is given.
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A further paper of Taylors( 1917) qualitatively

assessed some full scale results based on the theory

developed in his previous paper i.e. where coefficient

of viscosity is defined as:

Kaeea/2 vera,

where d was taken as being approximately equal to the

diameter of a circular eddy . From observations and

measurements made on the Eiffel Tower at heights between

(100 and 300 m ) he deduced that the coefficient of eddy

viscosity , which is proportional to the scale of

turbulence , varied considerably with the time of year

and distance above the ground .

For example in the Winter the temperature gradient

up to about 300 m.(1000 ft.) was less than the adiabatic

gradient and this resulted in :-

(a) the tendency to prevent the spontaneous formation

of turbulence and

(b) it tended to suppress the turbulence formed by

ground roughness .

In the Summer he suggested that the adiabatic gradient

was formed fairly frequently and that this tended to

encourage the spontaneous formation of turbulence . In

the former case it is seen that this suppression of

turbulence is caused by inversions .

It was also deduced by Taylor that the eddy size

increased with increase of height above ground level , ...

"because they have more room to grow ."
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Near ground level the amount of turbulence was found to be

independent of the temperature gradient and completely

dependent on wind velocity . This is taken as implying

that the roughness length Vo is independent of stability

conditions , to some extent .

A comparison of the estimated values of the Eddy

viscosity (K) from the Eiffel Tower and from measurements

over Salisbury Plain indicated a higher level of turbulence

over Paris .

The remainder of the paper was concerned with daily

variations of the wind velocity and the only other

relevant partsconsidered here are Taylor's theoretical

calculations . These predicted a boundary layer thickness

varying from 450m. to 600m. (1500 to 2000 ft.) for changes

in the wind direction varying from 16 degrees to 20

degrees for strong wind conditions i.e. v mx> 15m/sec
(48ft/sec)

A complete translation was not available for the paper

by Schmidt (1918) ; however it indicated that the height

of the atmospheric boundary layer was a function of the

amount of angular change of wind direction with height .

For a change of direction of 20 degrees a height of the

order of 400 m. (1160 ft.) was suggested .

The paper of Douglas (1919) dealt generally with

convective effects and what is now termed C.A.T. (Clear

Air Turbulence) from the observations and analysis of

various cloud formations .
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However some points were made concerning the adiabatic

lapse-rate condition and the development of the associated

turbulence . He stated that the presence of waves or rolls

of cloud was usually associated with a turbulent state of

the atmosphere which could be associated with either

convective or mechanical turbulence . It was considered

that the change of temperature obtained at cloud level

was brought about by eddies which were usually transmitted

up from ground level .

He referred to and confirmed the point made in previous

papers concerning the relation of an adiabatic lapse-rate

to turbulent motion ; - " they appear to have a mutual

action on each other , a high lapse rate being favourable

to the upward transmission of eddies , and the turbulence

thus tending to raise the lapse-rate below the clouds to

the dry adiabatic rate ." It was also noted by his

observations that for high winds it was only near the

ground that extreme turbulence was met with i.e. above

600 m. to 900 m. (2000ft. to 3000ft.) turbulence was

encountered only at intervals .

Finally , to conclude this period there was the

paper of Chapman (1919) on " The variation of Wind Velocity

with height ." It was made clear in his paper that the

derived laws , up to that time , which gave the variation

of wind velocity with height in the atmospheric boundary

layer were very dependent on :-
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(a) the prevailing wind speeds during the measurements

"

i.e."light", medium" or “strong winds .

(b) the heights over which the measurements were made ,

and

(C) the number of heights (and observations / height )

at which the velocity was measured within the

height range considered .

The previously proposed formulae(i.e. of Stevenson ,

Archibald and Shaw ) were shown to be limited in their

application . Stevenson's elliptic representation was

shown to be applicable between about 10 m. (30 ft.) and

15 m. (48 ft.) ; Shaw's linear law could not be applied

unless different constants were used for different height

ranges . The power law suggested by Archibald was used to

calculate the velocity ratios CE Z0en) for a boundary

layer of the order of 500 m. (1650 ft.) thick and these

were compared with the observations of Dines (A.R.C.,R.and M92)

for various wind conditions . Good agreement was obtained

with "the average of Dines observations" . The agreement

with specific data was best for conditions of strong winds.

FIG.5 shows the variation of the mean wind velocity

with height above open grass land (from Annual Wind Summary

of the Met. Office 1916 ). The points plotted on this

figure are estimates assuming a power law withean index of

1/6 and the agreement is seen to be close -
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Chapman however concluded from his review of

measurements made from 30m. to 5000m. (98ft. to 16400ft.)

that the measured observations were best represented by a

log - law of the form,

WU = alog.- hth

It is considered here that for heights of the order of

the Earth's boundary layer say 600m. (2000 ft.) that a

power law is no less accurate , as is also indicated for

adiabatic conditions by Chapman . Whether a log - law or

a power law provides a better representation over the full

boundary layer height is thought to be a point of academic

interest although it is felt that many professional

meteorologists may not agree .

Boundary Layer Structure from 1880 to 1919 Meteorological

data.

It can be concluded that in this period the

atmospheric boundary layer flow was established as being

non-periodic and random i.e. turbulent . The turbulence

was established as being a function of the surface roughness

and the height above the ground . fhe results of eddy

motion were deduced to be comparable to the existence of

of an eddy viscosity . The eddy sizes were shown to

increase with increase of height above ground level .

A distinction was pointed out between turbulence due

purely to roughness effects and turbulence due to

convective effects i.e. thermal effects .
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It is also reasonable to assume that is valid to apply a

power law to the variation of the mean wind velocity with height

in the boundary layer, from the data considered.

Therefore even from this early period some idea can be deduced

of the structure if the boundary layer. Quantitative data from this

period are included in Appendix 1.
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2.3.2. Review and assessment of meteorological data for

the period 1920 to 1929 .

It was seen in the preceding period that a picture of the

boundary layer structure had begun to emerge as a result of

observation , experiment and theory . The period from 1920

to 1929 is now considered in this section .

A paper of Richardson's (1920) was mainly theoretical

and considered Taylor's equations for mixing in the atmosphere

where the variables could represent potential temperature ,

pressure or horizontal velocity . These were modified so

that problems involving considerable changes in density and

diffusivity could be treated .

Whipple ( 1920 ) presented an interesting paper on the

laws governing the approach of the wind to the geostrophic

value . The spiral form presented by Whipple had however

previously been suggested by Exman (1905) and was , andis,

known as the Ekman Spiral" + This spiral form illustrated

the variation of the wind direction and speed with height

as follows :-

OP = Surface wind ; OC = geostrophic wind

<ore = 135° - PC = Relative wind
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It can be seen from the diagram that:-

(a) When the wind speed equals the geostrophic wind speed

(i.e. say oP,) that the gradient direction has not

been reached .

(b) The gradient direction is eventually reached ,(along ocP,)

passed , and then returned to again .

The gradient wind was defined here as previously :-

Pressure gradient Lr to isobars = 22 Sin ge U,(0, = U,,,)

This form of presentation is seen to agree with the

observations and theory of Dobson and Taylor respectively .

Typically ot! is of the order of 20° .

A paper by Richardson (1920) considered the supply of

energy which was available to atmospheric eddies in the form of

thermal energy , gravitational energy and convection effects .

The section of interest here was that concerned with the

production and dissipation of energy due to the eddy structure

of the atmosphere .

The wind components of a gust were defined in terms of the

mean and eddy velocities as follows :-

longitudinal U_= + wv
a .

vertical vi=es Vi+

lateral Wir ear ee:

where e.g.

= mean longitudinal velocityv

1

W = fluctuating (or eddy ) longitudina] velocity.
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Hence he defined the mean and eddying kinetic energy :-

tps Vv 2,0) = so( sv? s ) + a ow? sy’? 4 wi?)

= '

or E = E + E

and showed that the " kinetic energy of eddying " was

increased from the mean wind by the work done by the eddy

stresses on the rate of mean strain :-
Stresses on wc oaoeeor ron

== OU ag
" the activity per volume " = e us oat ee wu ra

which reduced to:

This was defined as the rate at which the mean wind gave up

energy to the eddies i.e. to the production of turbulence .

From the work of 0.Reynolds , Richardson also

defined the loss of energy by dissipation over a large volume

as. Fi ;

= a oe eee ee Oeavp {i Dyes ony ee

(the size of a cell containing an eddy was n,x?y *n3 )

or

)where e “(n+ ny + my
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This can be stated as follows ; the action of the stresses on

the velocity profile is approximately equal to the loss of

energy by dissipation .

Taylor (1920) , on " Diffusion by continuous movements ",

produced another step forward in the analysis of turbulence

by statistical methods . The position to date was summarised

by Taylor who stated that in the case of molecular diffusion

most of the problems had been solved using the kinetic theory

of gases . However , in the case of turbulent motion nothing

was known concerning its diffusing power . This paper of

Taylor's attempted to solve this problem . The paper as its

title stated , was mainly concerned with diffusion ,

therefore only the points of interest relevant to turbulent

boundary layers or measurements in them will be considered

here .

By adopting an approach similar to that of a previous

paper (Taylor 1915) , he considered the rate of heat transfer

across a plane perpendicular to x 5 this was stated to be

a function of the average value of:-

u(x -a)

which was written as

Gx - 2)

The transfer distance "a" was defined as a function of the

particular turbulent motion considered .
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Since u = dx/dt and (x-a) = fvat
>

and putting X = (x - a)

- then:-

u(x - a)] = [x ax/at = 1/2 fex2saz] = a/2 afar [x7]

This means that the heat transfer is dependent on the

variation of the mean square value of the distance moved by

a particle as a function of time .

Thus the concept of correlations was introduced into the

subject by Taylor who stated that - " in a turbulent fluid ,

or any continuous motion , there is necessarily a correlation

between the movement in any one short interval of time and

the next . As the time period diminishes the correlation

increases and tends to a limiting value of unity ." He defined

the correlation coefficient of u’ as Rg - this being the

relation of the value of w of a particle at any instant

and the value of U of the same particle after an interval

of time S ( i.e. a Langrangian correlation ) so that :-

fCueuy ag = Lut] [ &-e ag.

t G

Sree ag-fCurupjag (or: fury as )
¥ as) 2

- which defined the correlation coefficient which equals

or:

1 at t=0.
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Taylor then went on to show that :-

[x2] - -2, {wal { {Rag ar’

i.e. the problem of turbulent diffusion was reduced to the

consideration of just one quantity - the correlation

coefficient .

'

He went on to show that for smallT , ise. Rg wi

: aothat: aD Meera ae

i.e. the standard deviation was proportional to T for small Tf.

'

However as T increased the standard deviation became

proportional to Vr and the form of the Rg curve

should be :-

Ry

In some cases it could be expected to become negative or to

oscillate as follows :-

Re



A4

This type of correlation could be attributed to some sort of

regularity in the eddies of which the turbulent motion

consisted .

This peper of Taylor's , as his previous ones , represents

a very important step forward in the formation of the principles

which define turbulent motion , since no paper written at

present , on such motion is complete without correlation

measurements .

The paper by Goldie (1925) was mainly descriptive and

considered the case of wind passing over a long stretch of

sea . His introductory remark ( originally in the Met.

Glossary(1918) stated that - " whenever the wind passes

over the ground , even smooth ground , the air near the

ground is full of partially formed , rapidly disintigrating

eddies - , the existence of these eddies is doubtless

shown on an anemogram as gusts , but the axes of the eddies

are so irregular that they have hitherto evaded classification."

His subsequent analysis of flow from the sea showed

that this wind always showed a regular pattern in its mean

velocities , but had a considerable and constant range of

gusts . He suggested that these eddies could only be of the

type that could be produced by the waves of the ocean. The

majority of the remainder of the paper attempted to correlate

the wave lengths and periodic times of the gusts and waves .

Some of his data indicated a ratio of 1/3 for the ratio of

the gust velocity to mean velocity which was independent of

the mean wind speed . He associated a fall in gustiness with



45

the case where the mean velocity approached the velocity of .

propogation of the sea waves .

He went on to suggest that a similar occurrence was

present when waves , arising from "surfaces" of discontinuity

in the atmosphere , gave rise to variations in wind velocity

at ground level . When the ratio of the wave amplitude to

height tended to 1 he suggested that the eddy structure was

distorted as in Fig. 6 , due to the presence of the ground .

This is an interesting theory and shows that authors were

aware of eddy distortion ; however the distortion shown in

Fig. 6 is of the type which is now associated with inversion

conditions .

A further paper on turbulence was presented by Taylor

(1927) during this period . It consisted of , as Taylor

suggested , a description of "turbulence without tears" and

gave a very generalized , non-mathematical account of the main

properties of turbulence known up to that time . He stated

that no-one knew how turbulence occurred , although something

was known about the conditions to be satisfied in order that

a fluid may flow without turbulence .

It was known that the average effect of turbulence was

to give a fluid the power of diffusing certain properites

through it . Although a non-turbulent motion was capable of

transmitting momentum through its layers by viscosity , the

presence of turbulence increased its powers of transmission

by several orders of magnitude . Taylor illustrated this

point by using the experiment of Reynolds i.e.the injection
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of dye into the water flowing in a pipe and observing the

conditions under which the dye diffused i.e. the onset of

turbulent motion .

He referred to the ability of an inversion to damp out

turbulent motion in the atmosphere , that is the inability of

the wind to diffuse momentum by lifting the heavy air near

the ground and replacing it with lighter air from above .

Under adiabatic conditions it was assumed that the friction

of the wind at ground level was equal to the rate at which

momentum was conveyed downwards . He also noted that under

stratified conditions the lateral and longitudinal motions

were reduced by the same ratio .

He went on to state that the lateral and vertical gust

velocities were equal in magnitude ; it is assumed here that

this implies that the relevant measurements were made and

averaged over short time periods since the above conclusion

suggests that the turbulence considered was isotropic .

.Finally he pointed out that at distances of from

0.60 to 2.0 m (2 to 6 ft.) above ground level the lateral

scales have been found to be elongated ; he attributed this

to nearness of the ground and local roughness effects .
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Summary of data on the structure of the boundary layer from

the period 1920 to 1929 .

Although not many papers of interest appeared in this

period , most of those referred to made some considerable

advances concerning the structure of the boundary layer ,

especially on the theoretical side . For example the

demonstration by Richardson that the rate of production of

turbulence was proportional to the product of the eddy

stresses and the mean wind shear gradient , followed by

Taylor's classical paper defining and illustrating the

importance of the correlation coefficient . Both papers are

fundamental to any consideration of the production or analysis

of turbulent motions .

The descriptive papers considered mainly illustrate the

effects of stability on the eddy structure . They generally

imply that the measurement of the temperature gradient should

be an essential part of any full - scale measurements . It

will be of interest to see if the data from the later periods

to be considered confirms Taylor's observations concerning

the turbulent motion in stratified conditions .
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2.3.3. Review and assessment of meteorological data for

the period 1930 to 1' .

It has been shown that some notable theoretical papers

were produced in the period 1920 to 1929 . Following this ,

it could be expected that these papers would provide an

incentive towards obtaining more refined measurements in the

Earth's boundary layer . It will be shown in the review of

this period that this proved to be the case both in the

number of papers written and the extent of detail in them.

The first paper of interest is that by Becker (1930)

on " Investigation of the small - scale structure of the

wind by means of a matrix of vanes * As the title suggests ,

the work was mainly concerned with short period events ,

however it was probably the first time that this experimental

technique was used . The matrix consisted of vanes positioned

in a vertical plane at right angles to the wind . Hence the

instantaneous gust velocities could be recorded at a number

of points and some assessment of the local wind structure

obtained . The same technique was used in later papers by

other authors with more sucess and these will be commented on

in more detail in due course .

A paper by Scrase (1930) presented some of the most

interesting full - scale atmospheric measurements in open

country made up to this time . Previous to this , the

available knowledge on atmospheric turbulence was based

essentially on measurements of the eddy diffusivity K from
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the work of Taylor . Although these methods gave values of K ,

relative to comparatively large -scale phenomenon , the

mechanics of the processes involved were not made clear .

It was generally known that when air moved over surfaces

of discontinuity ( i.e. rough surfaces ) that eddies were

formed which usually originated at ground level . Therefore ,

since the diffusing power of turbulence was a function of the

character of these eddies , examination of the eddy motion

should yield some information on the mechanics of turbulence .

Thus Scrase summarised the position and his paper presented a

significant step towards defining some of the characteristics

of the atmospheric boundary layer from experimental

measurements . It is assumed that papers prior to this had

given the author a good qualitative idea of the type of

measurement needed , heights at which they should be made and

the relevant gust periods . Since the paper was very detailed

it is necessary to restrict a summary of it to noting the

more important observations .

The relative magnitude of the three components of

turbulence were measured and an attempt made to look at the

structure of the different sized eddies . For example Fig. 7

shows typical measurements from which the lateral ( =/ wu) and

vertical (v / a ) components were obtained for medium sized

eddies .

Initially Scrase determined the variation of the gust

velocities ( or turbulence components ) of the large size
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eddies ( i.e.f houraverages ) with mean wind speed , defining

for example the longitudinal component as :-

uh = (Gawre - Green) Caw + Bain)

All three gust components were shown to increase slightly with

wind speed up to about 5 m/sec ( 16.5 ft/sec.) . Above this

speed at a height of 13.5 m. (45 ft.) they remained virtually

constant with increase of wind speed . Most of the reduction

of the gust velocities at low speeds was considered to be due

to lack of intrument response for oscillations having time

periods < 5 secs. Scrase also showed , contrary to the

assumptions of previous papers , that the three components of

turbulence were not equal near ground level and quoted the

following ratios :-

Long : Lat.: Vert. = 1 + 0.73 : 0.46

Subsequent to this , time periods of the order of

0.5 s+ (mins) =< 8 were considered and an assessment made

of the relative sizes of the lateral and vertical turbulent

components of "medium" sized eddies . It was found for time

periods greater than 1 min . that the components were virtually

independent'of the averaging time , from which it was assumed

that the majority of eddies have time periods of the order of

'

a few seconds . The mean value of w/y was found to be



Si

about 1.50 and independent of averaging time , for conditions

of constant mean wind speed . The relative sizes of the lateral

and vertical gust velocities were shown to be independent of

the mean wind speed for the speed range considered i.e.

2 S&S us7 msec ( 6.5 ~ 23 ft/sec ) . Their variation

with height up to 20 m. (66ft) was also determined and

approximately the same ratio was found (i.e. 1.50) to apply

at all heights . The change in magnitude of the components

between 5 and 20 m. (16.5 66 ft.) was not found to be very

significant ; generally , the vertical component did not

vary and the lateral component decreased slightly with

increase of height . The above data on the three turbulent

components compares very well with more recent measurements .

Finally,Scrase looked at the small scale turbulence by

considering time periods of 60 secs. subdivided into intervals

of 1/5 sec. , 3/5 sec. and 5 secs . It was shown that 1/5th

sec. intervals were needed to define the smallest size eddies

and it was assumed that a large number of eddies had periods

of the order of a second . The ratio of the three turbulent

components at two heights were found to be :-

1.5m (5ft) : Long. : Lat. : Vert. = 1: 1.16 : 0.75 3% = 1.54

19m (62ft) : Long. : Lat. : Vert. = 1: 0.73 : 0.56 ;%'= 1.30

It is assumed that the results at 1.5m. (5 ft.) are

suspect since they are probably subject to local roughness

effects . It is suprising that the results at 19 m. (62 ft.)

agree so well with the previous data considering the shortness

of the averaging period .
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Scrase then considered the eddy shearing stresses . From

traces of the gust velocity components ( Fig. 8.) it was seen

that a downward velocity could be associated with an increase

of the longitudinal gust velocity . Hence the stress component

eee was found to be large whereas the components eve

ant Cra were negligible .

From the relationship between the coefficient of viscosity

and the shear stress :-

K~ Yee - ee

Scrase estimated the value of the Reynolds stress for open

country as :-

- ee ~ 0.004 at y = 19 m.

0.0015 (assuming & =600m and 1, =1/7)

This is a value consistent with previous measurements .

In this period a discussion was presented by Sutton

(1952 ) with reference to a form for the variation of the

velocity with height presented by Geiger (1927) . The law

suggested was that :-

u h

DA — log. 1/2 ha = log. 2

where ay and are the mean velocities at heights h, and
2 1

h, respectively .
2
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It was not a very practical representation due to the fact

that as Sutton pointed out , 'a' was a function of both

atmospheric stability and wind speed .

The same paper was discussed by Ali (1932) who showed

that 'a' of the above expression had both daily and seasonal

variations , the magnitude of the daily variation being

dependent on the season . Presumably this seasonal effect

is associated with the prevailing stability conditions for a

given season . Hence the log - law in this form would not

appear to be very satisfactory in practise without extensive

knowledge of 'a' .

Giblett (1932) presented the results of extensive

observations made at Cardington . These tests were initiated

originally in connection with the design of the airship R 101.

The report verified some of the findings of previous papers

and extended the data available on the turbulent structure

of the atmospheric boundary layer .

As the report contained a large amount of information,,

the following summary will be confined to the more important

comments and conclusions drawn from observations concerning

mainly , the structure of the wind for adiabatic conditions .

The measurements were made over similar averaging periods as

those used: by. Scrase (1930) e.g.

Normal run ors 1 hour

Quick run a 8 mins.

Ultra quick run = 42 secs. (subdivided into )
(5 sec. periods
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The main points made in the paper are as follows :-

1. It was indicated that there were different eddy

structures associated with convective , adiabatic and

inversion conditions respectively . The periodic times

associated with adiabatic conditions were found to be

considerably smaller than those associated with

convective effects .

2. One of the characteristics noted concerning the adiabatic

gusts was a rapid increase and a more gradual decrease

in wind speed during the passing of individual gusts .

This was investigated statistically using 5 second

averages and the results were presented as probability

@ensity distributions (Fig. 9) . In all cases the

distributions were skewed slightly to the negative

velocities , which showed that rapid retardations are

less frequent than rapid accelerations .

3. The observations showed that groups of gusts were

carried along at approximately the mean wind speed

at» the height considered.

4e Reference was made to a paper of Taylor's (1917 ,Adv.

Com. for Aero. Res. R and M no. 345 - new series )

where the eddies were assumed to be circular in shape.

However this paper , as well as that of Scrase , showed

that this was not so , even at the height of 15 m.(50ft.)

considered here . The ratio of the lateral to vertical

scales of turbulence was found to be of the order of

2 or 3 to 1 for time periods of from 5 to 80 seconds .
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However Giblett pointed out that eddies having

fluctuations of shorter periods,and being distributed

at random , could follow Taylor's assumption . It can

be assumed that this would apply to the range of eddy

dissipation ( i.e. isotropic turbulence ) of turbulence.

Giblett defined the characteristics of eddies which

could be determined by correlating the eddy velocities

at different spacial points at the same height . It is

of interest to note the definitions which he used in

order to relate the structure of the flow to the

correlation characteristics observed ( or vice versa ):-

(i) The correlation of a velocity with itself at a

point , at zero time interval is unity ; at other

time intervals it is less .

(ii) If the velocity at a point rises and falls

regularly , i.e. if the eddies are regular ,

then the correlation coefficient will decrease

to negative values and then rise again to some

positive maximum .

(iii) If the eddies are random then the correlations do

not go negative .

(iv) Considering two points in line with the wind

(4 and B say) then if the structure of the wind is

unchanged between the points , a correlation of

unity is obtained at a time interval which is a

function of both the wind speed and the distance

between A and B (assuming that 3 above is correct)
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(v) Considering two points across the wind , then the sign

of the correlations will indicate whether both points

are in the same stream of eddies , i-e. the lateral

extent of the eddies .

Giblett concluded from his analysis of the measured

correlations that the eddies , for the condition investigated,

were of the "Cartwheel" type (i.e. axis across the flow) ,

having dimensions of 900 to 1200 m.(3000 to 4000 ft.) along-

wind and 180 m.(600 ft.) across wind . It is assumed that

this is the size of a typical eddy associated with convective

effects . However using some of Giblett's data it is

possible to estimate the eddy size , in a longitudinal

direction , for adiabatic conditions using the definition

Lx wif'n: at

This gives a typical length scale (Lx) at a height of 15 m.

(50 ft.) of 120 m. (400 ft.) which is in very good agreement

with more recent full scale data .

6. It was indicated by Giblett that the effect: of an

inversion was to damp out the more irregular turbulent

motions and make the eddies less elongated in shape .

The damping effect was clearly illustrated by a

comparison of recordings of the wind velocity variations

during adiabatic and inversion conditions ( Fig.10).

No large eddies were observed during inversion

conditions and in the extreme case the eddy structure

should be completely suppressed .
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T Giblett defined the eddy energy as :-

\ Sees

4 et J (04o*)

which represented the energy of eddies having time periods

between + and T seconds and he assumed that , from this,

a type of "energy spectrum" could be derived . Although

nothing constructive was derived , in this paper , from

this approach , the concept of describing the range of

eddy sizes ( or frequencies ) by an energy spectrum is

noteworthy .

Some ideas on the theoretical treatment of gusts by

Durst were included in the paper . A brief reference was

made here to the atmospheric boundary layer height being

of the order of 450 m. to 600 m. (1500 to 2000 ft.) . Durst

suggested that the slipping of air layers , at different

velocities , on each other may result in the formation of

"rolled up" eddies (i.e. with their axes across the stream)

which would tend to break-up . It is suggested that such

vortices , if they exist , would be likely to bend round

into a horse - shoe shape and result in pairs of vortices

with their axes along the wind direction . However reference

was made to the work of Schmidt (Die Struktur des Windes ,

Wein , Sitzber . Ak. Wiss IIa , 138 , 1929 ) which had not

shown the presence of the above "rolled" vortices .

Durst stated that eddies generated by obstacles -

"will be of comparable size to the obstacles encountered "
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and , as found by other authors , the eddies generated are

also a function of the ground roughness .

Finally Durst determined the variation of the coefficient

of viscosity (K) with wind speed for different values of the

temperature gradient (Fig. 9) . This showed that the

coefficient of viscosity , which is a measure of the turbulence

in the atmosphere , remained constant for speeds above about

3.4 m/sec. ( 16 miles/hour i.e. 11 ft./sec.) . This is in

fair agreement with the findings of Scrase (1930) et.al.

Further information on the structure of the wind was

given by Sherlock and Stout (1932) . Here again the

awareness of the time periods of typical gusts led to the

design of instruments having response times of the order of

0.10 to 0.20 seconds . A study of the structure of the wind

was initiated by having a row of such instruments across

wind at a height of 15 m.(50 ft.) and a column of instruments

on a 75 m. (250 ft.) high mast . The results were presented

as contours of constant velocity (miles/hour) plotted on a

time scale of 0.5 second intervals ( Fig. 11). The range

of eddies considered here was the medium and small scale

range as previously defined . The high degree of flow

irregularity shown clearly indicated the need for a statistical

approach and the need of instruments having response times of

at least 0.5 seconds . The technique used was similar to

that used by Becker (1930) and , as can be seen , illustrated

"turbulence" far more distinctly than a written account

could and is worthy of presentation just for this reason alone.
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A paper on motion in the Earth's atmosphere was presented

by Fujiwara (1932) which was mainly of interest due to the

presentation of measurements of the mean vertical velocity

as a function of height in the boundary layer . Typical

examples of these measurements are given as follows :-

H (m) + 160 300 500 700 900 1100 1300 1500 1700 1900 2100

a(m/sec) : 6.30 6.69 7-14 7-54 7-64 7-71 7-75 7-81 7-76 7-50 7.42

(m/sec) : 0.80 0.30 0.24 0.13 0.03 -0.06 -0.17 -0.08 -0.18 -0.18 -0.07

where H was the height in the atmospheric boundary layer .

The above data gave the mean ratios :-

WAT res 0-05 for Os H S 900m

Yo = 0.036 for 0 SH S5200m

For an unstable atmosphere a ratio of about 0.10 was

suggested as being applicable .

A paper by Durst (1933) presented an expansion of his

ideas on gust structure , some of which had previously been

stated in Giblett (1932) . He suggested for the type of gust

observed at Cardington , that those having periods of from

1 to 30 min. were convective cells , but that they had

frictional cells or eddies mixed with them . He also noted

the effects of an inversion in suppressing the eddy sizes ,

a point which has been mentioned in several of the previously

considered papers and which has now been fairly well

established .
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Since the paper dealt generally with convective effects

it is difficult to isolate the comments which apply purely

to adiabatic conditions . This in fact was a fault in many

papers of this and previous periods , namely , that data was

presented for conditions which often are not clearly defined

in terms of the prevailing temperature gradient . For

example , Durst compared here tropical air - flow records

(i.e. those having rapid fluctuations of uniform width ) with

those of polar air flow ( i.e. having a saw - tooth appearance

which was typical of convective effects ) .

He went on to compare anemogram recordings over desert

sand urban areas and showed that the type of fluctuations

which he associated with convective flow were present in the

desert recordings but not in the urban case . However , in

agreement with previous papers , he noted that the amplitude

of oscillations in the urban case was greater and this he

associated with the greater frictional influence of the city .

Some of the natural boundary layer theory of Prandtl

and Von Karman was introduced and applied to meteorological

problems by Sverdrup (1934) in a paper on the estimation

of momentum exchange . Although most of the paper referred

to stable atmospheric conditions some general facts relevant

to adiabatic conditions emerged from the paper .

Prandtl's mixing length was defined as :-

2-k, (y+y,) (a)

where Kk, = Von Karman's constant and y= roughness length,
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The shear stress T was defined:

2 My = ECW eS)

* dy

where Ne et “ay = the exchange coefficient .

From (a) and (b) Sverdrup defined :-

a

Fi uw

‘Ye

lege “G2

the log - law for the variation of the wind speed with height

in a boundary layer . He emphasised that the above equations

were valid only for a homogenous medium , consequently , in the

atmosphere , they were only regarded as being applicable for

adiabatic temperature distributions , a point which was

verified in later papers . This is consistent with the

discussions of Geigers (1927) paper on the application of the

log-law , presented in this period , i.e. that the log-law

had to be modified by a constant before it could be used for

conditions other than adiabatic .

Sverdrup went on to state , however , that a power law

of the form:

: ‘ee

4 0%.)

could be applied to most meteorological conditions .
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He showed that the log - law could be applied up to a height

of 10 m.(33 ft.) and quoted values of the roughness lengths

derived from this law .

Terrain Jo cm

Short mown grass 0.54

Open Grassland 3.20

'Relatively'calm sea 3.90

which compare reasonably well with the data derived from

Stevenson's (1880) results .

It is of interest to note that at this date there is

still no definite adoption of either the log-law or power

law to define the velocity profile , although it seems that

the power law is more siutable for general application .

The definition and use of the velocity gradient as a

preliminary to the solution of many problems was very clearly

illustrated in a paper by Sutton (1934) . Although some of

the detail presented here from the paper may be irrelevant

in the present context , it does serve to show the inter -

relation between fluid - dynamics and meteorology in this

period and the "manipulation" of various formulae in order

to derive expressions applicable to the solution of practical

problems . In effect this paper of Sutton's combined the

previous theories on atmospheric phenomena , boundary layer

theory and measurements in the atmosphere to produce laws for

use in the estimation of evaporation rates . The sections of

the paper applicable only to adiabatic conditions will be

considered here .
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Sutton used as a basis Taylor's (1915 and 1920) work on

atmospheric and diffusion laws which defined the mean rate

at which energy E was transferred to a unit horizontal area

of thickness Sy as follows :-

D (eviDy (e aed ) by

{ot evuidy-y)= %u'd as defined by aylor |
s. =

i.e. v is the vertical velocity that transfers E from Vy

to Jy* 2 Gres y )

The problem here , as stated by Sutton , was to find evil in

terms of the mean motion and the height y .

It was shown by Taylor (1920) that :-
te

vit = uf Rag
kta pee TE et

which Sutton assumed could be written as :-

- or
Ry + (2 §)

(§ being a time interval)

On the basis of Taylor (1927) and Scrase (1930) it was

assumed that;:-

2
iy=)

VU ecu

and the expression for the correlation was modified to:-

Ree ( a)

where ws >>) the kinematic viscosity and n = 1/4

for adiabatic conditions .
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Substituting R, in Taylor's expression and neglecti:§ ng

molecular forces in comparison to eddy forces Sutton obtained:-

aes - =n

ul = vv (vite) =]

Sore

Then to derive an expression for Cw 25) he considered

first ,from Prandtl :-

wl 21h ; 2 = mean path

It was shown by Hesselberg and Bjorkdel (Beitr. Phys. fur

Atmos Vol. 15 1929 ) that :-

Wes Cll)

The time to move from yy to y+ 2 was given by :-

ute

a QL SSI

tent es as 1B

eh pole Evase amt bey) ne

It was shown by Von Karman , on the assumption that the eddy

velocities at different points in the region were dynamically

similar , that :-

ts to sul eee
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Hence substituting 2 and 3 into equation 1 he obtained :-

a-pvt = 0 LCM USA YY

Then on the assumption that :-

ACs) Tea = Const.

Sutton derived :-

=

= (%,)

He went on to point out that comparisons between pipe flows

and natural winds had shown similarities between the flows

(e.g. Prandtl and Tellmien(1925) and Bryant (1931) ) from

which it could be deduced that :-

u y“a? =(% fee (%)” or n = 1/4 in above equation
and this power law was assumed to apply in adiabatic

conditions to flow over open country . Thus the relevance

of the power law to the atmospheric boundary layer velocity

profile is again illustrated and the index of 1/7th for

adiabatic conditions .

Schmidt (1935) presented some general and particular

data concerning turbulence in the atmosphere up to a height

of about 6 m.(20 ft.) . The experimental method used was

similar to that used by Becker (1930) . The measurements

consisted of velocity measurements from which contours of
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constant gust velocity were derived (Fig. 12) . This figure

clearly shows’ the turbulent content of the flow in a vertical

plane , produced by the increased surface roughness .

Contours in a horizontal plane showed similar effects , although

the results at the lowest level may be at a height of the same

order of magnitude as the zero plane displacement , thus

these results would not show typical contours .

Schmidt went on to make the interesting observation

that turbulence may arise from jets of air moving horizontally

and eventually vertically . If the present interpretation

of these comments is correct , it is of interest to note

that a similar explanation has recently been given concerning

the diffusion of turbulence , namely , that it is in the form

of long spanwise vortices at ground level which eventually

eject into the upper parts of the boundary layer .

Correlation measurements were also made up to a height

of 6m. (20 ft.) and for a distance of 12 m.(40 ft.) across

wind . Generally the correlation increased with distance

from the ground before becoming constant . The vertical

scale can be estimated as being of the order of 15 m. (50 ees)

in the height range considered which is a reasonable value

and consistent with more recent data . However this height

range cannot be considered as adequate for accurate length

scale determination ; also the effects of different time

averages were not considered .

The "gust spectra" derived by Schmidt are of some

interest as an introduction to data of this type .
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These were derived from the analysis of a large amount of

data (Fig. 13) . The results at HR 0.20 , 0.75 and 1.25 m.

are fairly typical of the form of the high frequency ends of

gust spectra . Clearly the greater degree of turbulence

produced by the turnip field made it easier to define the

spectrum shape from the measuring techniques used .

Schmidt finally distinguished between turbulence

produced by dynamic action (i.e. roughness) as distinct

from that produced by thermal effects . Concerning the

strong vortices produced at ground level he again emphasised

that these were spread upwards by some mechanism and

gradually affected layers of air higher up in the boundary

layer .

The work of Rossby and Montgomery (1935) attempted to

relate changes in the mean wind direction and speed to

changes in the roughness length ty, 2 This was derived from

observed data and semi - empirical theory .

Prandtl defined the mixing length:

Sik yt 7) where k_ = Von Karman's
° OF Ey °

constant .

and y. = sh , s assumed = 1/30 by Prandtl

h = roughness height
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Hence :-

v= pl (He RE Curse) CPay)

which gives:-

ws he TM lage 3S

ori-

Ra ee
Romhe.. Tig, ta

Hence from 5, and L at some reference height TY. could be

evaluated. This was assumed to apply to the lower layers

of the boundary layer i.e. h < 50 to 100 m.(165 to 330 ft.)

In the upper layer :-

Le a (8-4)

i.e. in contrast to previous theories which assumed that the

eddy viscosity (K) was constant with increase of height in

the boundary layer , the mixing length (which is analogous

to K)was made zero here when y = & .

The Rossby and Montgomery data is presented in Fig.14 ;

alternatively it can be given as:—

Waimea C2")
F Ye

where

UN = Rossby Number
Se
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The data for open country derived from Fig. 14 were

compared with the full - scale data of Jeffreys (1920):-

Vix (or u,) m/s + 0 - 8; 8.5-12;12.5-18 j~ >18

st Peng aye TOs e530 17.2) 5 1665
and Dobson (1914) 3—

Trax 0/8 We RG s Gt SS 15.6

oc! Bie ADit fasad on Se 19.7.0:

and as can be seen good agreement was obtained . For

latitudes greater than about 30 degrees , the change of

direction of the wind ( ae ) was found to be almost

independent of latitude .

The authors then considered the Urban case (i.e. large

roughness length ) where the average height of buildings

was taken as 30 m. (100 ft.) . The roughness length was

taken as 1 m. (3.3 ft.) for a gradient wind speed of 12 m/sec.

(40 ft/sec.) which gave a value of oh of 28 degrees . This

was found to agree very well with data observed in adiabatic

conditions by Van Everingdon (1909) :-

Location > De Bilt ; Aachen ; Potsdam 5 Berlin:

1°

OL SR eal aie Sli sia fen ean Fea DOs =. oy | E27

More recent data would suggest that the above YQ of

1 m.(3.3 ft.) is lower than expected for the conditions

quoted . However without knowing more detailed site
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geometry (e.g. ratio of building to open area ) it is not

possible to give a more definite opinion . Regardless of

this , it is worthwhile recording any data specifically

relating to Urban conditions because of its scarcity ,

especially in the periods considered up to this point .

Thus it will become possible to distinguish between Urban

and Rural boundary layer characteristics .

The authors finally considered the value of the mean

wind at any height h to be :-

= U, = Gradient WindUh) = Drax Gol’ - a Smet!) Teg = Oy

and derived :-

y, (em) a / 7 ( = Mean velocity
p wo 1 “ux 30 at 30 a.
4 0.595

320 0.293

These values can be compared with those estimated by

assuming power }aw applications having power indices of say

0.143 and 0.28 for the small and large roughness lengths

respectively :-

Vee To / Ouax

0.143 0.65

0.28 0.43



The agreement is seen to be reasonable in the case of the

lower v5 value . Generally the remainder of the paper was

concerned with stability effects and ocean currents .

A series of review papers were published by Pagon

(1935) on the latest advances in aerodynamics and

meteorology . They served as an introduction to the above

subjects without going into too much detail .

He referred to the formation of turbulence at ground

level and how the eddies were " projected into the body of

the fluid (see also Schmidt 1935 ) . Prandtl's assumption

of a mixing length was shown and the fact that eddies ,

moving outwards from ground level , carried their original

momentum with them (Taylor 1915) . He also considered the

full scale measurements of Scrase (1930) « The various

atmospheric equilibrium conditions were defined . It is

of general interest to reproduce his copy of the Beaufort

wind velocity scale (Simpson 1926) and table of gust loading

allowances to be made in respect of wind loading on

buildings :-
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BEAUFORT'S WIND-VELOCITY SCALE

Weather

Beau- Bureau

fort Explanation Descriptive Conditions Statute Termino-

No. Marine Land M.P.H. logy

0 Calm Smoke rises O-1

vertically

‘L Light air Smoke drifts , 1-3 light
weather-vanes

quiet

2 Slight Felt on face ,
breeze ) Sufficient leaves rustle ,

wind for vanes moved. 4-7

working

ship

3 Gentle Leaves and twigs
breeze in motion; ex-

tands light flag 8-12 Gentle

4 Moderate ) Raises dust and
breeze Most advan=Paper;moves small 13-18 Moderate

tageous for branches

sailing,lead

-ing wind,

} all sail

5 Fresh Small trees in

breeze } leaf sway,crested
wavelets on in-

land waters 19-24 Fresh

6 Strong Reduction Large branches
breeze of sail moved;wires sing

necessary umbrellas diffi-

with lead- cult to handle. 25-31 ) Strong
ing wind

7 High Wind ; Trees move incon-
venient to walk. 32-38
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BEAUFORT'S WIND-VELOCITY SCALE

Weather

Beau- Bureau

fort Explanation Descriptive Conditions Statute Termin-

No. Marine Land M.P.H. ology

8 Gale Considerable Breaks twigs.

reduction of impedes progress

sail nece - generally. 39-46 Gale
ssary with

} quartering
wind

9 Strong Slight struc-

gale ) tural damage
occurs 47-54 Gale

10 Whole } Close reefed Rare inland;
gale sail runn- trees uprooted

ing,or hove considerable

to under structural damage 55-63 } Whole
storm Gale

)

eo: Storm Rare ;widespread
damage. 64-75

12 Hurricane Wo sail can

stand even

running. 19: Hurricane

PROBABLE TRUE VELOCITIES AT BALTIMORE 5 MIN. PERIODS AND IN GUSTS

(50%) AT ELEVATION 215 FT.

Y years x 2 3 5 8 10 20 50 ‘15: 100,

V m.peh.5-min 42 46: 49. 5 55 56 60 66 68 70

Vm.peh.gusts 63 695A = TOXZSZ 84 90 99 102 105

p,lb per sq.ft.13.1 15.7 18.1 19-1 22.1 25.3 26.8 32.3 34.3 36.3
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He briefly summarised the method of estimation used to

derive the gradient velocity from the barometric pressure

gradient :-

ae Un = Unawthe pressure gradient ake eer Una Sim B= c 2 Umax,

The centrifugal force :- =*.
Une

+ eaR

was also considered where { is the radius of the cyclone

or anti - cyclone considered.

For example , in the Northern hemisphere cyclonic areas

(a.c. wise) take the +ve sign and anti cyclonic areas

(c. wise) take the -ve sign .

Hence the gradient velocity :—

= eR IETS \Wurcimek I “rele “e Van - ark , for cyclonic areas

ori=

Ty Lh ib yUnaw = - Were 4 Zin ark ji for anticyclonic areas
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| 45 an example these equations are applied as follows :-

oe is expressed as 041 in. of mercury in N miles spacing

of isobars .

e = 20738 = 32.2 = 0.00229 ;

z = radius in miles ;

G = Gradient velocity in miles / hour and assumed to be

reached at 1500 ft. at ¢ = 40° . Then :-

- avicoUnax = O:169F al Ua Sy SR i) for cyclonic areas

for anti-cyclonic areas
Danae = 0169 (f+ Net 1)

This gives for a cyclonic area for N = 200 miles , r = 60 miles

Tyyx = 13 WH (mites/he)

In what was the most important paper , from the point

of view of this review , Pagon summarised the available laws

defining the variation of the mean wind velocity with height

(Fig. 15). Most of these have already been commented on in

the previous text and the majority were in agreement with

the use of a power law having an index of 1/6th.to 1/7th .

in the case of open , level country .
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A large section of the paper was concerned with a

discussion of Taylor's work on determination of the change

of wind velocity with height . Pagon then used Taylor's

theory and assumed values for Taylor's eddy viscosity

coefficient (K) for Rural and Urban conditions and also

assumed the Variation of the wind direction with height to

be 20 degrees and 45 degrees for Rural and Urban sites

respectively) he determined :-

Rural Urban
Boundary Summer : Winter Summer : Winter

Layer 2380m(1250ft) : 270m(885ft) 620m(2020ft) = 430m(1420ft)
Height(d)

or(®) : —325m(1068£t) 525m(1720f+t)

These figures are very similar to more recent values

suggested for the above types of boundary layers i.e. 275m.

(900 ft.) and 520 m. (1700 ft.) . However they were

estimated from a theory which assumed the eddy viscosity to

be constant with height which is incorrect .



Pagon then assumed that knowing the gradient wind and

the height at which it occurred the velocity at any other

height could be deduced as in the following table using the

power law with a 0.157 index :-

TABLE Il - WEIGHTED AVERAGE VELOCITY IN HEIGHT , y , IN PER

CENT OF GRADIENT VELOCITY

‘ ‘

Open Countryd = 20° : Large Citiesd = 45°
Summer 3 Winter +: Summer ; Winter

K = 60,000 = 30,000: = 160,000 : = 80,000

0.157 B= 1,250 = 885: = 2,020=: = 1,420
9, ft y C = 0.284 = 0.300: = 0.265 : = 0.277

100 2.06 59 62 55 57

200 2.30 65 69 61 64

300 244 69 13 65 69

400 2.56 3 11 68 12

500 2.65 76 79 70 14

600 2072 TT 81 12 16

100 2.79 19 83 14 78

800 2.86 81 85 716 80

900 290 82 87 1 81

1000 2.96 84 89 19 83

- the average weighted velocity is defined :-

a 1 0.157

/ eax = ¢ yoort where C = f cust
see above table .



73

This paper defines another difference between Urban and Rural

terrain , however its validity is open to doubt due to the

reasons quoted above . Previous papers considered have also

indicated Rural boundary layer heights much higher than the

300 m. (1000 ft.) estimated here .

A further paper was presented by Best (1935) which

gave detailed experimental measurements and was comparable

to the papers of Scrase and Giblett previously considered .

The height up to which measurements were taken was of the

order of 5 m. (16.5 ft.) and the terrain was flat open

ground . Hot - wire anemometers were used to obtain the

measurements close to the ground and averaging periods of

10 minutes were adopted .

The effects of various degrees of equilibrium on the

mean velocity at a height of 2 m. (6.5 ft.) vere shown

(Fig. 15).If it is assumed that a power law can be applied

to conditions other than adiabatic then these results show

that the power index would be higher for stable conditions

and lower for unstable conditions , a result which is

consistent with more recent measurements . If it is also

assumed that the atmosphere tends to the adiabatic state as

t. tends to be independent of stability (i.e. as it tends

to a constant value , for these test results ) , this

clearly occurs at a velocity of about 5m/sec. (16.5 ft./sec.)

and agrees with the findings of Scrase . He measured an

increase of turbulence intensity with increase of mean wind

speed up to the same speed (i.e. 5m/sec.) and it is assumed
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that such data could have been obtained during a change

from inversion to adiabatic conditions . However a part of

the decrease of turbulence at lower speeds may be attributed

to lack of intrument response and partly to Reynolds Number

effects . Such effects are considered in more detail in

later periods .

Best then established the variation of the velocity with

height ( up to 5 m.(16.5 ft.) ) as:

Velocity = Gonstantxlog.*/y (Fig. 16)
°

Although Prandtl at this time had established we for sand

roughness as being 1/30th. of the diameter of a sand grain ,

Best here assumed Vo to be equal to the height of the grass

i.e. lem. (hence he plotted log (y-1) ) . He then checked

the validity of using a power law (Fig.16) and found thet it

was valid for heights above about 1m.(3 ft.) i.e. it tended

to be constant with a power index of 0.13 as y increased up

to the height of 4 m. (13 ft.) considered (Fig. 16) .

Best also presented some of the first measurements of

the order of magnitude of the turbulence intensity , this

being defined as F

z = 10074

and was averaged over 10 min. periods?at approximately

adiabatic conditions

g = 15 to 16%

at heights between ground level and a height of 2m (6.5ft.),

a result which is in excellent agreement with recent measurements.
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Up to a height of about 0.1 m. the turbulence intensity was

found to be independent of temperature gradient i.e. surface

roughness effects were:predominant . At greater heights

and for velocities less than 4m./sec. (13.0 ft./sec.) he

measured a decrease of turbulence intensity as the temperature

gradient changed from that of lapse to inversion conditions

( see also Scrase 1930 ) .

Best also investigated the lateral and vertical

gustiness using the method used by Scrase (1930) . The

results were summarised as shown in Fig. 17 , where Dy and

Dy were the lateral and vertical eddy sizes respectively and

were consistent with the findings of previous papers .

The mean value of De / Dy was found to be about 1.80

( Cf to 1.6 as measured by Scrase ex

As the height above the ground increased to about

5 m. (16.5 ft.) the lateral gustiness was found to decrease

very slowly and the vertical component to increase . At a

height of 5 m.(16.5 ft.) the vertical component was found to

be still less than the lateral component . Best pointed

out that these results agreed very well with the pipe flow

measurements of Fage and Townend (1932) .

He also confirmed the findings of Scrase that , provided

the duration of the records exceeded 1 minute there was no

effect on the conclusions reached . This paper is

particularly significant in as much as it begins to define

stability effects more clearly than they have been shown in

previous papers .
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The laws describing the variation of the wind velocity

with height were again considered in a paper by Sutton

(1936) i-e. Yy

and

= Lag(a Sy, +1) Beg (a1)Uy,

Uy,

By using available measurements he showed that though the

log law may provide a better fit to these measurements ,

that use of the power law made the mathematical solution of

problems much easier . In the log law the constant ‘a!

indicated the amount of turbulence present , this being

indicated by the index % in the power law . Sutton

generally concluded that the application of either equation

was only valid for heights less than 50 m. (165 ft.) .

An interesting paper by Paeschke (1935) presented

tabulated values of the power law power indices and the

roughness length Yo for various types of terrain . However,

since a complete translation of this paper is not available

discussion of it is necessarily limited . Generally the

paper showed that the application of either a power law or

log law to describe the mean velocity variation with height

was equally valid . With regard to the power law , he

tabulated the power indices appropriate to various types of

terrain as follows :-
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Type of Terrain: Beet Cereals Grassland Fallow Airport Snow

Fields High Low Land Surface

Exponent -% : 3.0 305 506 3-485 4.0 4.3 5.0
(own data)

Exponent -& : 204 533 4.2 4.2 5.2
(Schmidt)

where o& was defined as in the following

Ye

SAGs td ee \..

He also quoted , from measurements between 15 and 150 m.

(50 and 500 ft.) over houses in Strasburg

o = 2.8 ( or Vy. = .358 ) i.e. Urban Conditions .

In the majority of previous papers the exponent & for rural

areas has generally fallen in the range of 6 or 7 from which it

is seen that all of the above values are lower than expected .

The fact that of for an urban area and beet fields are

comparable in order of magnitude is not plausible . Apart

from other factors affecting the value of of which will be

considered later , it seems likely that some of the error may

be due to the restricted height range in which some of the

measurements were made .

The data considered plotted equally well when a log

law was used ( Fig. 18a ) . The data of this figure when

plotted against log (y - Yeo / bh - where h was the roughness

height - collapsed onto one straight line .
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From such plots Paeschke derived the roughness lengths as follows:-

Type of terrain. Ye (cm. ) d_(cm)

Flat; snow covered. 6.50 3.0

Gottingen Airport. 1.73 10.0

Fallow land. 2.14 10.0

low grassland. 3.20 20.0

High grassland. 3.95 30.0

Cereals. 5.0 130.0

Beet fields. 6.50 45.0

Typical velocity profiles for the above roughness conditions were

presented (Fig. 18b.). These values generally appear to agree with the

data of Sverdrup and of Rossby and Montgomery who give about 3~4 om.

(1.2~1.6 in.) and 1~ 3m. (3.3 ~ 10ft.) for grassland and urban sites

respectively. The paper is particularly worthy of note being one of

the first to apply some sort of order to data to allow for the variation

and effects of different types of roughness ; also in considering

and determining the magnitude of the zero-plane displacement 'd'.
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A paper by Reichardt (1938) is of interest mainly since

it contained some typical turbulence and shear stress

measurements made in a naturally grown boundary layer

(Fig. 18 c ) (see also Fage and Townend’ 1932) - For

example , in the lower section of the boundary layer , this

gives the ratio Veg 0.5 which compares very well with
the measurements by Scrase in the atmospheric boundary

layer ; there is also the point that the variation only with

height was shown to be much less than that of Vie with height

(cf. with Scrase's comments )

Taylor (1938) defined the spectrum of turbulence and

its relation to the correlation coefficients and verified

the validity of the theory from experimental measurements .

His theory can be briefly summarised as follows :-

Tf a is the longitudinal turbulent velocity , Taylor

suggested that it could be resolved into harmonic components.

Then its mean value ( rie ) could be regarded as being the

sum of contributions from all frequencies (n). If a S&@) do

was the contribution from frequencies between n and(@ + dn)

then :- a

{ Si) dns 1
o

He defined :-

=e . ay + =
Le a2 Ler a do.

2

where .

21 (A aes SO)

is the contribution to u which arises from frequencies

between n and(n + dn).
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He then defined two qualities of correlation curves for

flows where (a) small eddies were predominant

and (b) large eddies were present .

Firstly , the spectrum for (b) will show greater values of

for small 'n' than for the case (a) . Secondly , for flow

(b) the correlation R(x) as x increases , will intially

decrease more slowly than when the eddies are small .

He then defined the correlation coefficient as :-

2

LINRd J Soo Coa ee eT

(where u = mean velocity)

and

fReGs as dx. -2eleSan) =

where these equations are FourierTransforms of each other

i.ee. if S(m) is measured then R(x) may be calculated from 1

or vice versa .

He also defined the curvature of the R(x) curve at its

vertex as :-

eon

Ae av (@ S¢n) an,

where is the curvature and was defined as a measure of

the smallest scaleof turbulence.
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A measure of the mean largest eddy size could be

obtained by putting x = o in Equation 2 :-

a [sen]. = 4(R Od dr,

This paper was significant in that it produced a definite

relationship between spectrum and correlation measurements ,

at least for isotropic turbulence , which was confirmed by

experimental measurements ( Fig. 19 ). The wider application

of this theory will be made apparent in later papers .

Finally , in this period , Calder (1939) demonstrated

that the turbulent shear stress could be regarded as being

constant (to within about 6 % ) from ground level up to

about 30 m.(100 ft.) , in which range the variation of wind

direction was also found to be negligible . This result

was also found by Giblett (1932) up to a height of about

45 m. (150 £t.) .
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Summary of data on the structure of the atmospheric boundary

layer from the period 1 to 1 .

A considerable amount of qualitative and quantitative

data can be derived from the papers published during this

period . Probably the most significant fact , as far as

this work is concerned , was the similarity shown to exist

between atmospheric and flat plate boundary layers . The

main points which have emerged from the review of this

period are summarised in the following text .

It was generally recognized that detailed examination of

the eddy motion should yield information on the mechanics

of turbulence . In this context several suggestions were

made regarding the possible form of these eddies . It was

suggested that they were formed by layers of air rolling up

and again that jets of air moving horizontally eventually

spread upwards thus creating and diffusing turbulence

upwards . It was shown that groups of such eddies are

earried along at the mean wind speed and that their structure

was dependent on the prevailing temperature gradient .

Contrary to previous opinions , it was established that

turbulent eddies were not circular in shape and it was shown

that the variation of the turbulence components with height

agreed very well with measurements made in natural turbulent

boundary layers . The ratios of the three turbulent components

to each other were derived and similarly shown to be comparable

with natural boundary layer data .
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The highly random and irregular motion of turbulent flow

was clearly shown . Measurement of the turbulent components

of such flow for various averaging periods led to the

suggestion of using an energy spectrum as a means of representing

the energy in eddies having various time scales i.e.

frequencies . Although some attempt was made to reproduce |

the high frequency end of such a spectrum , the most

significant advance was made by Taylor who defined the

spectrum and its relationship with correlation measurements .

For the first time quantitative data was derived on the

value of the longitudinal turbulence intensity for a Rural

terrain site . Additionally some measurements of turbulence

scales became available and further values for the shear

stress for Rural sites .

It is significant also that in this period more attention

was given not only to defining the temperature gradient

prevailing during test runs but also the variation of the

turbulent quantities with atmospheric stability . Similarly,

the dependence of the roughness parameter and power index of

the velocity profile power law on the terrain type was more

clearly defined and established .

Some data also emerged appropriate to urban sites .

General application of the power law to describe the

variation of the mean wind speed with height was shown to be

acceptable and 1/2.8 was suggested as a power index for urban

flow.
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In many instances , since it had been shown that a similarity

existed between atmospheric and natural boundary layers , experimental

results and theory from both sources were combined in the solution

of practical problems.

The quantitative daba from this period are tabulated in Appendix 1.

Thus it can be seen that sufficient measurements are now available

from which to establish the atmospheric flow as being of the boundary

layer type.However there is still a lack of data for urban sites

and on , for example, the variation of turbulence scales with height,

and the form of the energy spectrum.
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Review and assessment of

2.6. Meteorological data for the period 1940 to 1949 .

Many of the papers produced in this period are mainly

concerned with collating the various contributions to the

statistical theory of turbulence which apply to both

atmospheric and natural boundary layers , and comparing

the theoretical predictions with measurements made in

isotropic turbulent flows . Other contributions deal with

manipulation of the mixing length laws to derive surface

shear stresses and values for the roughness parameter , Yo ,

and derivation of a law to define the turbulence spectrum .

In contrast with the previous period many of the papers tend

to be semi-theoretical .

Some of the papers produced original contributions to

turbulence theory . Amongst those was the paper by

Kolmogoroff (1940) concerning the structure of turbulence

at large Reynolds Numbers . He stated that the eddy motions

of turbulent flow were characterised by a wide range of

length scales and that energy passed from the large to the

small eddies whose energy was dissipated into heat by the

action of viscosity . He assumed that a range of small eddies

existed with properties common to all types of turbulence and

that such eddies were isotropic .

The hypothesis of Kolmogoroff may be stated as follows

(a) The small - scale components of the motion depend only on

the viscosity (') and the mean rate of dissipation of

energy ( € )
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(b>) In the sub - range of small eddies the mean properties

depend only on the mean rate of dissipation of energy (€).

The law for the inertial sub - range of the spectrum

can be written as :-

Choe kh

ie. the slope of the spectrum in the above range should be

- 5/3 . This has now been adequately proved to apply in the

case of atmospheric turbulence spectra .

Dryden (1943) presented a comprehensive review paper on

turbulence theory which included comparisons with measured

data . Most of the contributions relevant to atmospheric

turbulence however have been noted in the previous text .

For example he summarised the definitions of length

scales :-

=<

= Ves. f Rear.
©

(us is the veloc. component

transverse to the main flow.)

- this being the Lagrangian method of describing the flow in

diffusion problems . (Ref. Taylor)

The Eulerian description , by considering the stream-

-lines existing in space at any instant , was defined as

2

ly = if Ry.dy — (Vert) 2

or ix Rx. dx (Long) 3

where L is a definition of the average size of the eddies in

the flow .
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He pointed out the use of the concept of isotropic

turbulence theory for comparison with experimental data

since this type of turbulence could be produced by screens

and grids of bars in wind tunnels . Most of the studies

of this type were mainly concerned with the rates of decay

of the tubelence produced .

He redefined the spectrum and correlation expressions

of Taylor in terms of the length scale Lx as follows :-

tin = at PCR) SES aCe)

where : aya a (Ir Re) t

7) being a measure of the smallest eddies or dissipating

eddies and i-

a = Loe *
vE@ . Af Rae See te

integration of which gives :-

DEH) _ 4.

Le 14400 7G

This expression for the spectrum was compared with measured

spectra (Fig. 20) and reasonable agreement obtained .

However the inertial range does not have the slope of -5/3

proposed by Kolmogeroff . This form for the spectrum was
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later modified by Von Karman (1949) in the period being

considered .

The remainder of the relevant parts of this paper have

previously been discussed .

Meatham (1945) presented a paper which dealt mainly

with pollution and dispersion studies . The part that

turbulence plays in reducing the levels of pollution by

upward diffusion of smoke etc. was indicated. However no

turbulence measurements were made in the urban environment

considered .

Some typical values of the roughness parameter , Yio ,

were derived in a paper by Frost (1946) from a consideration

of the mixing length expressed as a function of the height above

the Earth's surface . He pointed out that the classical

theories of Taylor and Richardson had incorrectly assumed

that the coefficient of diffusion (K) was constant in the

Earth's boundary layer . In fact it can vary from about

io? eet hea near ground level to about 104 ~ 10? en?/sec

at 300~ 500 m.(1000 -1650 ft.) above the ground . His

expression for the mixing length was used to express K as

a function of the ground roughness and height above ground

level . This was subsequently used to solve evaporation and

diffusion problems . Derivation of the equations is briefly

shown in the following text :-



- from Prandtl's development of Taylor's theory:-

ye tO’- aa)

and the shear stress :-

over

DL

Y= et t( aa) — where 2 is the ate
ength .

From the work of Rossby and Montgomery for an adiabatic

atmosphere -

Ue f. Cyrye)

which Frost modified to :-

em

ede

where m lies between 1 ~ O

Hence: :-

and

eg eas ge

It has been shown in previous papers that % was constant

in the lower parts of the boundary layer . Therefore taking

the square root of equation 2 and integrating -

q4
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TM

i= ee)

and if Uy, is the velocity at height h , then :-

G= Uy (AY

Papers previously discussed had indicated the applicability

of such a power law where the index 'm' was taken as V7

for strong wind conditions . Therefore by substituting in

equations land 2 Frost derived :-

Ke my ye” ay Re 3

and

A ae ae ce

te Crm Sea, uy, h 4

He then determined the roughness length v5 -

“Sy a>

using , Ye eerie 6.0: i from Rossby for h = 15m

(50 ft.)

and equation 4,

Jo = dom. for strong wind over the:sea .

agree

using , Le 27x10 eds , from Taylor for h = 30m

(100 ft.)

and equation 4

Jos 2.6 cm. for strong wind over open

countryside.
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Sverdrup (1936) also indicated that K obeyed the same power

laws satisfactorily . Frost¥derived 158 fall within

the range of acceptable values for flow over flat terrain .

The remainder of his paper was concerned with the application

of the above expressions to diffusion problems .

Some further work on the roughness lengths for short

grass was presented by Sheppard (1946) which is worthwhile

noting . Equations were presented relating Von Karman's

constant , the roughness length and the surface drag

coefficient cy - Some measurements of the above

quantities were presented and compared with the values

presented by Paeschke (1938) . Sheppard's measurements were

made up to a height of about 2 m.(6.5. ft.) . His

expressions were derived as follows :-

The shear stress,

From Prandtl,

’ pee, where 2’ is the mixing
wel SOS ey length for a particular

turbulent element .

and taking , vi eb

then,
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Using 2 and the relation,

Lek %sl a
(from Von Karman )

k = Von Karman's constant

Sheppard derived :-

= ii% gee ie

ersif Vy —— 7 and if w=, at a reference height yy then,

£e ee 5s
Ay

From 2 and 4 above the mixing length was defined :

k Cy+y-)

The results of Sheppard's measurements are presented in the

following table :-
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TABLE 2. VALUES OF C, AS FUNCTION OF Uy,/ ty» OR OF x IN
D

CONDITIONS OF NEUTRAL EQUILIBRIUM .

(Zz), 1(2) tle (3) : P a
1 u, y. type of surface giving values ri co. ‘icient
fe 2n/ Diy (a ) shown in (1) and (2) * C,, (using vel.

2 at 2m as ref-

erence velocity)

- 1.06 0.0009 one with rather smooth appear - 2.11 x 107?
ance , e.g. ice or smooth snow

1/7 1.10 0.10 lawn grass up to lem.long 5.54 x 107

1/5 1.14 0.72 downland ; thin grass up to 1.01 x 1072
about 10 cm.

IfAe hod LB 2 P65 thick grass up to about 10cm. 1.60 x 1072

- 1.22 5.0 thin grass up to about 50cm. 2.52 x 107=

1/3 1.26 8.9 thick grass up to about 50 cm. 3.21 = ioz@
thin wheat etc. up to about

100 cm.

- 1.30 13.9 fully grown root crops 4.28 x 1654

* The notes in column (3) are based on Paeschke (1938) and

unpublished observations by the author .

Hence, assuming the applicability of a 1/7th power law velocity

profile the Reynolds Stresses are derived for rural conditions :-

uae
we

0.0016 S Unar. S 0.0043

which gives us the order of magnitude of the ground shear stress for

rural terrain .
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The power indices are also estimated assuming a boundary

layer height of 600 m.(2000 ft.) and shows the errors involved

by using data from very low heights -

Sheppard also deduced that Von Karman's constant , k ,

was approximately 0.40 for conditions of neutral stability .

Some of the main expressions defining turbulence were

summarised in a paper by Sutton (1947) with particular

application to diffusion problems . For example , the scatter

of particles was defined by the standard deviation T :-

re

r-2u el Reg agat. (Taylor 1920)

or using the mixing length approach , the diffusion

coefficient :-

Ke vi -= (Mey)

Then the vertical eddy diffusion coefficient was defined as ;.—

c ic

Ke VE -u [ vo @ah- 0 (Rea.

i.e. a knowledge of ‘Rg determines K .

However a point more of interest to this review was the

assumption by Sutton of the applicability of a power law for

representation of the Boundary Layer velocity profile having a

power index of 1/7th . It has already been noted in the
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previous text that these conditions fit many sets of measurements

except perhaps in the lowest few metres . He defined values

for the lateral and vertical turbulence intensities from the

work of Scrase (1930) as :-

Bn 

2 
Uo

Le, terpOce2 ; w = 0-055 (based on local

velocities)

It is noted that although these values have the correct

relative magnitude , they are more representative of extreme

gustiness values than average values . The paper of Best

(1935) also quoted values for these components which were not

considered and which similarly were extreme cases . The

remainder of this paper was concerned with diffusion problems .

A further paper on velocity profile measurements was

presented by Frost (1947) which again confirmed the

applicability of a power law for unstable to stable atmospheric

conditions and the increase of the power index with increasing

stability . His measured power indices gave values ranging

from 0.145 to 0.77 and quoted 0.30 for the neutral case .

At the same site Giblett (1932) had previously measured an

index of 0.143 (i.e. 1/7th.) for neutral conditions . Frost

attributed the large discrepancy to " differences in exposures "

for the two test series . However no details of the differences

were given in the text .

Some of the first detailed measurements applicable to

urban areas were presented in a series of papers by
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Yamamoto and Shiotani (1948) . The papers were concerned with

turbulence in the atmosphere for rural conditions and over a

large city . Their measurements of mean velocity in the

former case were not very informative , since for example a

negligible change of velocity was obtained between heights of

38 and 50 metres (125 to 165 ft.) . These measurements were

made up to a height of 50 m. (165 ft.) near Maelb:ashi

broadcasting station .

It is assumed from their results that near adiabatic

conditions were probably only obtained for one run i.e. where

the mean velocity was greater than 5m/sec. During this run

a@ mean value of We g ( based on local velocity)

of about 13% was measured which is of the right order of

magnitude for open country conditions . However the range of

turbulence intensities measured varied from 12% to 39% which

is attributed to conditions other than adiabatic prevailing

and,in some cases, the interference effects of the nearby

broadcasting building .

Their measurements of the frequency distributions

(Fig. 21) showed a slight positive skew (see also Giblett 1932) ,

otherwise they are regarded as being reasonably normal . The

exception to this was the run of 19th{6h12m which also gave

a@ length scale in the streamwise direction of 107 metres

350 ft.) . The test observations do not indicate the prevailing

stability conditions for this run . The correlation curve

(La Grangian) for this run (Fig.21) showed different trends to

the other curves which it is thought could be attributed to
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the presence of the nearby buildings . For the case that is

assumed to be adiabatic a length scale of 75m.(250ft.) was

obtained which is low for the heights being considered .

The authors also attempted to measure the scales of

turbulence in the vertical direction , by vertical spacing of

the instruments . No useful data was obtained due to their

restricted working heights of 12 metres (40 ft.) . It is

known from recent work that vertical separations for such

measurements should be of the order of hundreds of metres .

Their investigations of these quantities as a function

of averaging period (i.e. 10 ,60 and 300 seconds) showed that

for averaging periods greater than 60 seconds the measured

turbulence intensities did not change considerably , as also

found by other authors . However the longitudinal scales of

turbulence were found to vary for :-

10 <= t+ = 300 secs.

from 4.355 lx S75 m (14~ 250 ft.)

The final paper in the series was concerned with turbulence

measurements outside Tokyo and gave results which are regarded

as being typical of an Urban environment . The mean velocity

measurements were analysed using the log law to give the

roughness length Te * Previously Prandtl had quoted

% 7 / 50 ) for sand roughness
(he reuchness hewht:)

and Paeschke (1937),

% * bf, tos for open countryside.
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The present authors assumed from their measurements

yo" 3 for urban conditions

This can be taken as a very rough guide . Their results gave

mean roughness lengths of the order of 4 m. (13 ft.) for

conditions where building heights vary from about 10 to 20 m.

(33 to 66 ft.) and probably near adiabatic stability prevails.

It was noted that the turbulence measurements at , or

slightly above , roof level e.g. say 25 m. (80)ft.) , showed

a considerable degree of irregularity , which is attributed

to the local building effects . Neglecting these measurements

the turbulence intensities based on local velocities fall in

the range of 20% to 30% . For rural areas they can be accepted

as being in the range of 10% to 20%.

The correlation measurements did not give smooth curves

of the type shown in Figure 21 . Pronounced increases in the

correlation coefficient were shown for time intervals between

30 and 60 seconds . These are associated with the presence

in the flow of secondary dominant eddies and it is assumed

that these are produced by the adjacent buildings . From

Taylor's (1935) relationship between correlations and power

spectra it is to be expected that some effect of this would be

evident if the spectra were measured . Neglecting extreme

cases , the longitudinal length scale was determined as being

of the order of 100 m. (330 ft.) for heights between 30 and

60 metres (100 to 200 ft.) .
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The authors attempted to estimate the power spectra

from the correlation measurements . However the scatter was

found to be considerable and the results mainly showed that the

lower frequency eddies contained the greater part of the

turbulent energy , which agrees with theoretical predictions.

These papers are of considerable interest in giving

some of the first detailed figures for comparisons of urban

and rural flow characteristics . Although the different

stability conditions prevailing during the tests were not

measured , and some of the above quantities are stability

dependent. to some extent , the results still serve as a useful

guide to urban characteristics .

Deacon (1948) presented a paper concerning velocity

profiles and the roughness parameter Jo? which although

regarded as being complementary to Sheppard's (1947) paper ,

also indicates other relevant points .

The relationship :-

Aig” “te ope %,
(where Wes I)

was taken as being applicable in the constant shear stress

layer near the ground , and a drag coefficient defined (see

also Sheppard 1947 ) :-

Qs Few =e2 ca

Deacon pointed out here that this coefficient was dependent

only on the roughness parameter Ts » which in turn was
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dependent on " the form and distribution of the roughness

elements " . The above expressions were considered to be

applicable to fully developed rough flow . It was also generally

accepted by Deacon that these expressions were applicable for

conditions of neutral stability dnd that Von Karman's constant

k , could be taken as 0.40 . He also pointed out the necessity

of making a"zero point correction " to find the point of zero

velocity when dealing with such roughness as long (60cm) grass

(see also Paeschke 1937) .

In relation to the above points Deacon presented a

useful table of roughness lengths (Fig.22) which also shows

the velocities which it was necessary to exceed ( at a height

of 1 m. (3.3 ft.) ) in order to achieve turbulent flow .

The figures for these velocities were based on Schlichting's

suggestions about Nikuradses. criteria for roughness .

These criteria were derived from experiments with sand and

Schlichting suggests that they are approximately applicable to

surfaces having roughness elements of " differing form" .

The criterion for turbulent flow being that :-

Ue og > 25

It is noted that this allows for the " form" of the roughness

but. its " distribution " was not considered although its

importance was indicated in the preceding text . However it is

fair enough to assume that for small roughness elements the

distribution may not be too important .
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Deacon then considered the effects of stability on the

velocity profile near ground level . Some of the results are

shown in Fig. 22 for a short grass type of surface . Assuming

a boundary layer height of 600 m.(2000 ft.) for the case of

adiabatic stability this gives a power index of 1/6.6 on

the assumption of the applicability of a power law to the

velocity distribution in the Boundary Layer . This value for

the index is reasonably consistent with that derived from

previous papers .

The final point that Deacon considered which was relevant

to our work was the dependence of J, on stability conditions .

It was made clear in previous papers that near ground level

friction forces predominate and this effect increases with

increasing wind velocity . Hence the author assumed that it

may not be necessary to derive a variation of the roughness

parameter with stability . The remainder of the paper was

concerned with diffusion calculations .

A paper by Von Karman (1948) was considered next since

the author derived an expression for describing the power

spectral density curve which has been found to be also

applicable to atmospheric data .

He used different notation to express the spectrum than

that used by Taylor (1938) i.e.

F(K) was used instead of S(n)

a2tn

where Kk is the wave number =; measured in the y- direction .
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Von Karman stated that the main aim of that particular period

was to find laws describing either the correlation or the

spectral functions , and in this paper he derived :-

¥(%) <<
[is CS)

which was shown compared with the observed form of the spectrum

in Fig. 23. This also shows the application of Kolmogoroffs

- 5/3 law in the inertial sub - range of the spectrum .

A further paper was presented by Von Karman and Lin

(1949) on the theoretical treatment of turbulence . It was

concerned with the analysis of the spectrum during the process

of decay of turbulent energy . The case was considered where

the inertial Reynolds Number of turbulence was very large .

It was generally agreed at this period that greater

part of the turbulent energy wes contained at low frequencies,

while the energy in the viscous dissipation range was

negligible . Energy was transferred by inertial forces to the

high frequencies where it is changed to heat , (Kolmogoroff 1940).

The authors proposed division of the spectrum into

three regions :—

(a) The low frequency range or fixed range where it was

suggested that the spectrum form was:-

4

od K
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(b) An intermediate range , which has not necessarily the

similarity characteristics of the high range but is

significantly influenced by dissipation e but not

directly by viscosity mw .

(e) A high frequency range which follows Kolmogoroff's

law.

It was assumed that the low frequency range of eddies

was produced by some natural or artificial mechanism which

produced individual eddies . In this range it was assumed

that the form of the spectral functions was fixed or

independent of time . With regard to the higher frequency

ranges , sufficient experimental evidence was available to

show that the similarity prevailing at the highest range

extended to the medium range . Thus the laws applying to the

spectrum and its proposed shape are shown in Fig. 23. How ever

the lack of experimental data over sufficiently long periods of

time did not make a complete comparison of proposed and

measured spectra possible over the full range of spectral

frequencies .

Lettdiw's (1949) paper on isotropic and non-isotropic

turbulence in the atmospheric boundary layer was mainly

theoretical and mostly concerned with the effect of stability

on heat flow . However he made the following points relevant

to adiabatic atmospheres .
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In the development of his theory and discussions on

thermal stratification he used " Adiabatic turbulence " as a

pasis . The variation of the mixing lengths with stability

was derived (Fig.24) and following this , the schematic

representation of turbulence as shown in Figure 24. It can

be seen from this that Lettan assumed that the turbulence in

an adiabatic atmosphere was isotropic (i.e. that the

longitudinal and vertical turbulent velocities in particular

were equal in magnitude ) and therefore that the effect of

stability variations from the adiabatic case was to produce

non-isotropic turbulence . This assumption however cannot be

considered to be applicable to heights greater than about

2 to 3 metres (6.5 to 10 feet ) above ground level , since

turbulence: components vary rapidly with increase of height

above ground level .

Another conclusion made , which has some relevance to

this work , was that the roughness parameter Yo was a constant,

regardless of the prevailing stability conditions . Lettau

attributed the wide variation in measured Yo ts fox: comparable

sites , to the fact that various authors had forced a fit to

their measured velocity profiles , presupposing Yo to be a

function of stability . Deacon's (1948) paper reached similar

conclusions on this point . This conclusion seems reasonable

but it is considered that there may be exceptions to it for

extreme stability conditions and in the case of very large

roughness .
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Pasquill (1949) related the veleoity distribution log-

law to a momentum diffusion coefficient Km as follows :-

Ye pKa ey,

using this expression and the log-law he obtained,

ae
Kye es

Lge 8G.

From his work on the effects of varying stability conditions

on the roughness parameter , he concluded that for marked

stability conditions the assumption of a constant roughness

parameter is involved , (see Deacon (1948) ) .

A monograph published by Sutton (1949) serves as a

useful summary concerning some of the main developments in

turbulent flows . Since most of the references quoted by

Sutton have been referred to in the previous text , the more

important points from the text will only be recorded here .

The usefulness of the mean velocity gradient as an

indicator of turbulence intensities was pointed out and the

importance of the Reynolds Stresses in transporting momentum

across a fluid surface . The correlation between the velocity

components of the Reynolds stress was defined :

Tasrgt

=< ae

i

so that the correlation depends not only on the respective
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magnitudes of the two velocity components but also on the

degree of correlation between them . For example , horizontal

gusts (+ve uw ) are usually associated with downward currents

(-ve v' ) and vice versa . Therefore there is a correlation

between and wand the corresponding Reynolds Stress

-evy will have a value (see also Scrase 1930) . On

the other hand there are no systematic variations between

ws’ and w and the corresponding stresses are small or near

zero .

Sutton pointed out the significance of the adiabatic

lapse-rate which was defined

thon ght, a Ge aan

where:

g@ = acon. due to gravity 3; A is the reciprocal of the

mech. equiv. of heat .

cy = Spec. heat of air at constant pressure .

The result of mixing in the atmosphere was to tend to produce

an adiabatic lapse-rate , and this was the equilibrium state

to which the atmosphere was always trying to return .

Following this a " potential temperature " was defined as the

temperature attained by a mass of air which is brought to a

standard pressure adiabatically . Hence , an atmosphere was

in a stable , unstable or neutral equilibrium condition according

to whether the potential temperature increases , decreases or

is constant with height (Fig. 1)
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In considering the velocity profile of the atmomheric

Boundary Layer , Sutton confirmed the application of a power

law having a power index of 1/7th. for adiabatic stability

and over rural terrain . He also pointed out that at moderate

ot high latitudes the geostrophic or gradient wind was assumed

to occur at a height of about 500 metres . However where the

surface was rough the log law must be used in order to define

the degree of roughness i.e.

.Eg mre SEO gs Wy,

where Yo is the roughness length and k (Von Karman's constant)

is taken as 0.40 .

He briefly referred to some typical turbulence measure-

M3
ments e.g. Ao! 0.70 (Cf. flat plate measurements of 0.72 ).

Most of the turbulence measurements and their limitations

have been mentioned in the previous text .

He pointed out that although Taylor's K (diffusion

coefficient ) assumed to be constant through the Boundary

Layer , was useful in indicating the general form of solutions

» in this height range , it was not accurate in its predictions

of near ground level conditions . When allowance was made

for the variation of K with height the angle of the gradient

wind relative to the surface wind was found to be about 29°

for a 1/7th power law in neutral conditions .
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The main problem in turbulence , as Sutton stated ,

was to express the Reynold's Stress ( Y ) as a function

of height in the Boundary Layer . Prandtl , by considering

the movement of an eddy "which conserves its momentum on

moving a distance 2 " arrived at:-

ie oe Baee |

which was taken to be comparable to the mean free path in the

Kinetic Theory of gasses .

By considering the " mean transfer of momentum "

Taylor (1916) obtained :-

t=-elt ap ee

where E can be momentum , heat or matter .

By adoption of the concept of the mixing length L many

problems became amenable to solution .

When considering rough surfaces , Sutton pointed out

the necessity of considering the quantity d i.e. the

" gero=plane displacement " in order to provide a datum

level above which turbulent interchange commences - in which

case the modified log-law becomes :-

pi 2 7k dege Pa
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This law has been found to apply up to a height of about

13 metres " provided Yo and d are chosen independently to

give the best fit " . Sutton pointed out that most writers

agree regarding the order of magnitude of Yo but that there

was considerable spread in the actual values obtained .

Sutton also reviewed the main points emerging from the

statistical treatment of turbulence most of which have been

considered in the previous text .
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Summary of data on the structure of the atmospheric boundary

layer for the period 1 to 1 .

Some of the more important advances in this period were

made concerning the spectrum of the turbulence . The theory

of universality of the turbulence in the inertial sub-range

made it possible to define the slope of the spectrum in this

range . A law defining the spectrum was presented and its

form defined throughout the various frequency ranges .

However , at this time , sufficient experimental data was not

available in order to check the latter .

The values of the power index were estimated from some

of the presented experimental data ( assuming > = 00m.

(2000 ft.) ) however it is considered that the indices

are over-estimated due to consideration of too small a height

range . In other words , near ground level the log - law

strictly applies and estimates of a power index from

measurements in this region ( since du/dy is less than it

should be for the power law which should apply over most of

the boundary layer height. ) results in an over - estimate of

the power index ( e.g. an index of say 1/5th may be deduced

instead of say 1/7th. which would be applicable over at least

95% of bd ).

Rural turbulence intensity measurements were presented

which agreed with data from a previous period and similar

data were measured in an urban area . Turbulence length

scales and Vo 's were also derived for Rural and Urban terrain.
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The main details lacking , in the case of the Urban terrain,

are those of the site geometry from which it would be possible

to determine whether the data was typical of an Urban area or

was dominated by local effects .

Regarding the roughness length Yo? attention was drawn

to the fact that it was a function of both the form and the

distribution of the roughness elements . The necessity of

making a correction for the zere - plane displacement (d),

when dealing with large roughness elements was indicated and

the modified log-law allowing for this factor (d) presented .

It was also generally agreed that Y, was independent of stability

conditions , at least for moderate departures from the

adiabatic state .

Quantitative values of the boundary layer characteristics

derived from this period are tabulated in Appendix 1.
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2.3.5. Review and assessment of meteorological data for the period

1950 7 .

During this period , and up to the present day , the number

of relevant meteorological papers published increased considerably

as they did in the case of most other technical subjects . For

this reason it will be necessary to be less detailed in dealing with

the papers considered . For example , Webb (1955) presented a neat

summary of data on the variation of the turbulent length scale with

height in the atmospheric boundary layer . Therefore , although

the other papers from which the data was derived will be included

in the bibliography , they will not otherwise be specifically

mentioned unless they contain other data which is either revised

or , additional to that quoted in the periods previously considered.

On considering the amount of data presented from previous

periods , and the extent of detail , this is justifiable 3 also ,

since the main concern should now be to establish more refined and

extensive measurements of the quantities already considered . It

has been adequately shown that compatibility exists between the

flow over the Earth's surface and flow in natural (or flat-plate)

boundary layers . The basic structure of both rural and urban

boundary layers has emerged , or begun to emerge , from the

literature already considered . The basic laws defining the

relationship between mean velocity , shear stress » surface

roughness etc. have been noted and the manner in which they can

be applied .
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However , some gaps still remain to be filled in on some

aspects of the information ,required e.g. measurements of the

power spectra of the fluctuating velocities in the atmospheric

boundary layer . More detailed measurements of the space and

time correlations , and their variation with height , would also

be of interest . It is suggested that some deductions could be

made as to how these eddy sizes vary with height , by adopting

one of the suggested forms of the structure of the boundary

layer eddy system given in some of the papers previously

considered . In addition , more exact information is desirable

on the variation of the mean and fluctuating velocities with

height , especially in urban areas , as well as more accurate

measurements of roughness parameters for such terrain . On this

basis the relevant papers presented in the period 1950 - 1959

are now considered .

The first papers of interest in this period are those of

Laufer (1950) and Lettau (1950) . ‘The former presented some

typical measurements in a natural boundary layer(e.g. FIG.25)

which shows the variation of the longitudinal turbulence intensity

through the full depth of the layer (see also FIG.18 , Reichardt

1938 ) . It is noted that in the lower 10% of the boundary

layer turbulence intensities (based on local velocity ) lie

between 0.10 and 0.18 .
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The correlation :—

Uy

was measured and was found to lie in the range 0.40 ~ 0.60

- more recent data gives 0.30 . A value of 0.60 for the ratio

was obtained which does not agree very well with either past or

recent values of the order of 0.73~0.75 ; this suggests that

the accuracy of some of the results may be in some doubt .

Using the appropriate scaling factors the following data on the

length scale of the longitudinal turbulence can also be deduced :-

34 As
0.10 0.30

0.40 0.50

- the length scale seems to increase with height up to Ye of

about 0.40 ~ 0.60 .

Similarly , the paper of Lettau's presented mean-wind velocity

measurements made through the full boundary layer depth . They

were in fact the classical measurements made by Mildner (1932)

in Leipzig . They were not presented in the relevant period due

to non - availability of translation of the original paper .

The data is very frequently referred to in the meteorological

literature . The measurements are shown in FIG. 26a for near
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neutral conditions and the mean velocity data can be represented by a

power law having an index of the order 0.21~0.26

e.g. for en = O.21 ,

% Adnan (rene (Tnese.) Foe (Mensuee>)

0.170 0.690 0.674

0.340 0.797 0.807

0.455 0.848 0.871

Since the measurements weremade outside Leipzig with the wind

blowing from the city , suburban flow can be defined as having

the above index ; the value quoted for ol! of 26° also agrees

very well with previously quoted values for flow over towns

(cf. rural areas wel 82726 %r)

Pasquill (1950) analysed measurements made in grass between

1 and 15 cm. (0.39 to 5.9 in.) in height in conditions

approximating to adiabatic . He assumed that the following

law applied :-

ie ee Ae Yoge Ca )

and illustrated the importance of determining the value of the

zero - plane displacement d .
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a Allee

e.g. curve 'a' represents the actual measurements and various

values of 'd' are assumed until a straight line plot is derived

'p' - the intercept of this line on the vertical axis then

gives es +

The following data were derived:-

eens Yecem> elem Pah.
15 (5.9 in.) 0.66 (.26 in.) 8)(3.25in.) = ..0.0010

and the shear stress data agree with previous examples :-

Concrete (Sheppard '47) Downland (Scrase 1930)

uve

une 016004 0.00168
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The importance of allowing for 'd' had previously been stated by

Deacon (1949) - The above analysis illustrates that previous

measurements of ie should be treated with some caution ;

although they may be correct as regards order of magnitude ,

clearly they could be subject to large errors . It is also

worth noting that the importance of 'd' becomes more relevant as

the order of magnitude of the roughness height and density of the

roughness increases .

The work of Shiotani has previously been referred to ;

Shiotani (1950) continued on the same line of investigation and

presented further measurements made in a rural boundary layer

under adiabatic conditions . Measurements were made up to a

height of 16 m. (53 ft.) in terrain covered by grass and

vegetables of height 30 to 40 cm. (12 to 16 in.) . The measured

roughness length varied between 1.5 to 5.5 cm. (0.6: 40°22) in.) .

Typical length scales ( Lux ) were of the order 60 m.

(200ft.) and turbulence intensities as follows :-

(also see FIG. 26d )

Pa ray wu uule

Yor) We We ele Satiets
as 0.14 0.09 0.245 0024

3 0.10 0.08 0.258

Probability density distributions of the fluctuating longitudinal

velocity also tended to be normal (FIG. 26c )
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The longitudinal turbulence measurements fall in the range

previously indicated for rural terrain . Some turbulence

measurements made in the suburbs of Tokyo were also presented:-

i mAec) Wee
as 0.30

5 03 0.31

5 05 0.18

The first set of data is not considered to be accurate due to the

very low reference velocity . The other measurements of the

longitudinal turbulence are excessively high but they may be

extreme values and not mean values for the site considered .

The author indicated that the turbulence intensity decreased as

stability increased but that near-ground level conditions were

invariably dominated by roughness effects .

The work of Obukhoff and Yaglom (1951) was mainly

theoretical . However they re - stated in more precise terms the

original similarity laws of Kolmogoroff - " the motion of all

vortices whose scales are considerably less than L (the scale of

the largest vortices ) must be subject to certain statistical laws

which do not depend on the geometry of the flow and the properties

of the mean flow . The establishment of these laws,which have a

wide range of applicability , constitutes the theory of local

isotropic turbulence " . The original work of Taylor in this

field has previously been considered .
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In this type of flow there are only two relevant magnitudes :-

1. ‘he mean dissipation of energy / unit time / unit mass of

fluid € ’ - this determines the intensity of the

energy flow transferred along a cascade of vortices of

different scales , and

2. The kinematic viscosity U which plays an essential role

in the process of dissipation -

dimentionally these are :-

e 2 aya

Sec laa

or combined give :-

where a determines an internal scale which is characteristic

of the local turbulence structure .

Although many authors had attempted to give some explanations

of the flow processes in the flow near the Earth's surface Townsend

(1951) was one of the first to do so , for a flat - plate boundary

layer , by a consideration of the turbulent energy .
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The sum of the equations for the turbulent energy balance is :-

oN a es oy

= -o0(Pv') sy

alu @)y.v@)- oo @)
where 1. Production of turbulent energy

2. Diffusion of turbulent energy

3 & 4. Convection of energy by the mean flow

De Flow of energy under the action of a pressure gradient

6. Viscous dissipation of turbulent energy .

At high Reynolds numbers (as proposed by Kolmogoroff ) the

viscous range of eddies contain little or no energy and has been

defined previously (Taylor) by an independent scale \ . In this

range it was assumed that -

Ly i De'y a aety
ox} 72 ( OSC yas (=

(although this was not completely verified by Townsend ) and the

energy dissipation can be written :—

Esso >)
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From his measurements to determine the energy balance FIG.27a

Townsend deduced that the flow in the boundary layer could be

divided into an inner and an outer layer .

In the outer layer non-turbulent fluid was entrained by

large eddies and the flow was similar to free turbulent wake flow;

Kolmogoroff's hypothesis of eddy "cascade" flow also applied .

In the inner region there was a large flow of energy towards

the wall and energy dissipation occurred partly by turbulent

friction and partly by viscosity at the wall . The turbulent

energy and scales of turbulence were created in this region .

Townsend suggested that the flow basically consisted of long

cylindrical eddies with their axes parallel to the flow direction .

Probability distributions and turbulent length scales were

measured by Cramer (1952) in the height range 0 to 12 m.(0-39ft.)

However the surrounding terrain was very variable e.g. from sand

covered to trees , bushes etc. Hence the results are variable

on this account as well as from various atmospheric stability or

instability conditions . The longitudinal turbulence varied from

0.12 to 0.33 (the lower value representing stable conditions )

and the mean value quoted of 0.25 can be associated with the large

roughness of the area ; the measurements were made at a height of

2.5 m. (8 ft.) . The probability distributions were generally

near - Gaussian (FIG. 27b) and found to be independent of the

equilibrium conditions of the atmosphere . Some distributions



127,

for stable conditions tended to be more peaked which is to be

expected , however the measurements are probably made too near

to the ground to be greatly influenced by a stable atmosphere .

The lateral scales of turbulence were found to increase (i.e.Lu, )

with increase of stability (FIG.27c) . For a near - neutral

condition Lay is approximately 6 m. (20 ft.) and Cramer

suggested :-

lean = ar3xly

~% \2~ 1a (Aov co Fr) fee ye 2:Sm Caer)

Previous measurements in the atmosphere had indicated an angle

of deviation of about 20° between the mean wind direction at

ground level and the top of the boundary layer in rural terrain.

In contrast, the measurements of Gordon (1952) » based on ocean

weather ship observations , indicated , for adiabatic conditions

an angle of 7° between ground level and 600 m. (2000 ft.) .

The angle of deviation increased as the degree of stability

increased . A possible explanation for this discrepancy is

given later in this section .

The main information to be abstacted from Priestley (1952)

is +

Lu, = ISe2om. (so~eesr) —) Y= @m (eer)

which appears to be slightly smaller than would be expected .



Most of the relevant points previously reviewed were

included in Priestley and Sheppard (1952) and they consider

mainly heat transfer processes . They provided some additional

data on the surface drag coefficient :-

Ce Teyoty , ay= Ve. ar hry.

and since:

aA, = 7k Loge Hy,

cp = © 7H."%.)

then for : Yreer = 1Om,

OS <= Yelm) <loem.

they obtained :—

©-o023 < Cs S 0.008
ete wre ee as

which agrees with:- @-00c3 < Can S0-.006

for rural terrain (based on local) . They also presented

Laufer's data as being typical of boundary layer characteristics

(PIG.28a) and showed diagramatically how energy is transferred

through the range of frequencies represented in power spectra

(FIG.28b)

A further measurement of the longitudinal length scale

( Lux ) can be derived from Sheppard (1952) as follows :-

yor Lux Ge) WA %
2 12 19.0
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Further data on flow over water (Lough Neagh) were quoted as:-

BGs) Ke OG ane,
500 oR? O-Sell

Many previous authors (e.g.Priestley and Sheppard 1952) had

pointed out the lack of reliable data on shear stress measurements

over sea . Sheppard et. al.(1952) attempted to investigate this

point and obtain a value of the shear stress from the following

expression :-

=

Yay) - Tats) + Ff pOy-w) ay

Di
where y is the height at which ByeO 7

and Tx Cy)=O

e = coriolis parameter and e = density.

Us and W are the wind components of the geostroptiic and

actual wind normal to the surface direction .

Clearly for the above expression to apply the height at which

PH foy =O must be obtained i.e. the top of the boundary

layer . In these investigations this height was not clearly

defined , hence the surface stress was not determined . However

the change of wind direction with height was shown to be of the

order of 3.6° in a height of 300m. (1000ft.) (Cf. Gordon 1952)
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An interesting result derived Was the frequency distribution of

the variation of the mean wind direction in various height ranges

for averaging periods of 10 mins. (FIG.28c) . However it should

be noted that the data was obtained for a condition where an unusual

meteorological state prevailed . Some measurements of the

longitudinal turbulence were also made which ranged between

13 - 20% at surface level for unspecified equilibrium conditions.

A further investigation on the same topic, but at a different

site , was made by Sheppard and Omar (1952) . In this case the

top of the boundary layer was determined for various degrees of

atmospheric equilibrium as being of the order 450 - 600 m.

(1500 - 2000 ft.) , and using the same expression as Sheppard et

al (1952) they derived :-

where Ca - 76s Gs = surface wind

This value of the drag coefficient was shown to be of the same

order of magnitude for conditions varying from stable to unstable

and to be independent of wind speed .

The velocity variation in a typical gust was examined by

Sherlock (1952) and was shown to follow a 1/7th. power law in

the height range at which the measurements were made . In the

analysis , the type of velocity distribution obtained by assuming

application of the Ekman spiral was shown (FIG.29a) . It was

also shown that this flow agreed fairly well with a 1/7th.

power law velocity distribution , at least up to a height
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of 300 m. (1000ft.) , on the assumption of a variation of the

mean wind direction with height of aye (Aves cA 5) RIGS O9b....

The problem of the variation of the roughness parameter or

drag coefficient for grass of different lengths was investigated

in some detail by Deacon (1953) (FIG.30a) by making measurements

up to a height of about 10m. (33 ft.) on an open grassland site .

The temperature gradients were also measured in order to relate

the measured drags to the prevailing atmospheric conditions .

For the condition of meutral of adiabatic equilibrium the

log-law was shown to apply . The author also deduced that

Nikuradses criterion for rough flow i.e.

Un» ae >2s

was only applicable to certain types of roughness . The

investigation of the variation of the roughness parameter with

wind speed showed it to be constant with increase of speed for

short grass and to decrease in the case of long grass . In the

latter case this may not be a representative result since , as

the wind speed increases , the grass bends and presents an

effectively smoother surface . In addition the author does not

appear to have allowed for the zero plane displacement . FI1G.30c

includes various other measurements of 7; in uae eee. form .

The variation of the vertical gustiness i.e. Se:
=!

(where vis the mean extreme vertical component ) with
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equilibrium was also determined (FIG.30b) . The main point of

interest here is the rapid suppression of vertical motion very

close to the ground as the stability increases . However the

author still assumes , in agreement with work from different

sources , that Vo is reasonably independent of equilibrium conditions

It is also clear from the results that Ye /h varies

considerably for the range of grass heights (nh) considered .

From extensive tests at Round Hill U.S. Friedman (1953)

presented some measurements of the lateral turbulence intensity

for various equilibrium conditions :-

mn
oF aA

taking Ta he first derived N:—

Equilibrium Round Hill Suttons data

Large lapse oj 0.20

Near neutral 0.28(afternoon) 0.25

Mod. Inversion 0.38(sunset) 0.33

Large inversion 0. 68( evening) 0.50

For the near neutral state this gives a 1/7th. for the power

index . Hence the lateral turbulence data were tabulated for

various atmospheric states ‘-
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x(a) Afternoon Sunset Evening

LA (A. 6Et-) 0.306 0.205 -

2.7 (8.9ft-) 0.233 0.194 0.042

5.5 (left. ) 0.198 0.157 0.047

11.0 (36 ft.) 0.185 0.135 0.051

22 On( Toft) 0.185 0.148 0.095

44.0(144 ft.) 0.149 0.123 0.059

It. is noted that the results for the near neutral state

are of the order of magnitude expected at a referace height of

say 30m. (100 ft.) . For example if the extreme value of the

longitudinal turbulence at ground level (say Ys = 0.05) is

taken as 20% , then the corresponding lateral turbulence should

be about 15% based on the local velocity - which it is

approximately from these measurements -

Some investigations were carried out on atmospheric

turbulence the initial results of which were reported on by

MacCready (1953 a,b) . Measurements were made up to a height of

2.40m. in flat country . The probability density distributions

of the longitudinal and vertical velocity components were

established as being Gaussian and the effects of stability on

We
length scales e.g.

h(m.) Luse (m>

Moderately unstable - 2-4 (7-9 ft.) 90(295ft.) -

Slightly stable : 146 (480 ft.) 420(1380ft.) 0.05 (Other
Source)
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Further data on longitudinal and vertical turbulence intensities

was also given :-

¥ G») Linke) IT ry a oe ONY
0.15 (.50 ft.) 3.16 0.92 0.291 0.36 +114

0.70 (2.3 ft.) 4.96 1.23 0.248 0.60 121

2.40 (7.9 ft.) 4.86 1.26 0.259 0.70 +144

Again the results are typical of those obtained over rural terrain

as were the data given by Robinson (1953) from measurements at a

height of 1.30 m. (4.3 ft.) at Kew and a mean velocity of 4.42m/sec

These are tabulated as follows :-

uw Lux (m)

15.5 0.74 12° (39ft-)

Shiotani (1953) presented additional data on correlation

measurements and deduced that the auto correlation coefficient

distribution followed the law :-

2/3

>

Eeire ( / To) (for isotropic turbulence only)

where Tt, = Time for largest eddy to pass measuring point .

and it was deduced that Ve oy - The results applied

to adiabatic conditions over snow fields . Regarding the structure

of the flow he stated that for isotropic flow the turbulent
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eddies were spheres and for shear flow were oblate spheroids

having their major axis in a streamwise direction and the minor

axis vertical . Typical data on turbulence intensities and

scales is tabulated as follows :-

yom) Vey WY Lux Gm)
0.4: {105° ts) 12.4 4.2 -

0.6 (2-£t<) 12.8 5.2 -

0.9 (3 ft.) 8.9 4.3 2

e5- Ca Gf be) 10.0 4.9 oa

7-5 (25 ft.) 15.6 - =

11 (56 ft.) 12.0 6.1 30 (100 ft.)

75 (250 ft.) 6.3 - 90 (295 ft.)

4s predicted by previous authors , Neqs PS

A fairly comprehensive review was produced by Sutton (1953)

dealing with most aspects of meteorology concerned with the

Earth's boundary layer . Since most of the relevant points have

previously been considered in the previous text it will suffice

just to note here some of the more important points emphasised by

Sutton .

1. The top of the boundary layer is reached at heights in

excess of 500 m. (1640 ft.) and power indices for the

various equilibrium conditions are :-

Large lapse rate Adiabatic Large inversion

W/4 V7 V6
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aa =eAlternatively use: Zay say

For : Adiabatic , Pei

Unstable , RF >A or Ri <o

Stable P<. OEIC LS

26 Examples of allowing for the zero plane displacement :-

Surface Yo(em) a(cm)

Thin grass - height up to 10cm.(4 in.) OT (v26ins)r =

Thick grass - height up to 10cm.(4 in.) 2.3 (0.9in.) -

Thin grass - up to 50 om. (20 in.) & § (27nd =

Thick grass - up to 50 cm. 9. \(3.5in.) -

‘d' estimated :-

Grass 1 - 3 om.(0.39 - 1.2 in.) 0.5 (0.2in.) 0

Grass 60 - 70 cm.(24 - 28 in.) 3. (1.2 ins) 30(12in.)

3. The velocity profile log - law was taken to be

applicable up to a height of 10 m. (33 ft.) and only

for adiabatic conditions .

The boundary layer characteristics of flow over the sea had

not been very clearly defined up to this date and large variations

existed in the measured data . The work of Hay (1954) is

considered to give the most reliable results on this topic since

every precaution was taken to define and allow for all sources of

error . A mean set of values for flow over calm sea have been
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noted for adiabatic conditions :-

Bic) wag ee NEL an tm)
0.1(0.04 in.) 0.024 0.0006 3.50 6.5

Marshall (1954) presented data of mean velocity measurements

from several sites averaged over a period of a year . From these

the appropriate power law indices for the various sites can be

deduced :-

Stornaway Blackrock Scilly Kew
Wind from: land land sea land(trees locally)

1/6 V7 1/8.5 1f3.2

It was generally assumed here that the ratios of surface to

gradient wind were as follows :—

WGam ot!

Inland : 1/3 30°

Sea : 2/3 10°

Although conditions other than adiabatic are not being

considered in detail here , the significant paper of Monin and

Obikhov (1954) defining a velocity profile law which is widely

used to cover various equilibrium conditions cannot be omitted .

The relevant quantities assumed by the authors were :-

(a) ES AGane = 0.05 for rural terrain.

(b) The height of the ground layer , assuming a maximum

variation of + 10% in Ve uee in this layer ,

is 50 m.(164 ft.) - i.e. the "Constant"stress layer.
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Having defined the log - law,

ie = %y bege (S3.)

they went on to define the Monin Obikhov length L as :-

Le - Uy ee en

where cy = turbulent heat flux , Cp = Spec. heat at const.pressure

The three quantities involved -

ae ‘ Ss Vere

are stated to be the " definitive characteristics of turbulence

in the ground layer " , and for :-

Neutral , Leo

Unstable , yZr° Pago Cor R ~<o)

Stable y<e cee oS (or Ri >o)

The Richardson no. was defined in terms of L:-

Ri = SA CK)

and the velocity profile as :-

BA = Me [tye + BH) ]

is a universal constant and L, the"Monin Obikhov length" isg

the height of the substrate of dynamic turbulence .
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Up to this time very much progress had not been made on the

power spectral densities . The paper by Panofsky and McCormick

(1954) defined some general characteristics of spectra measured at

Brookhaven up to a height of 125m. (410 ft.) . They were as

follows :-

(a) At low frequencies the spectral energy of U>w' and at

high frequencies they are equal , i.e. in the range where

Kolmogoroff's similarity law applies and the energy is

Ve
proportional to k =

(bo) ‘The ratio of the turbulent to mean energy is greater for

overland than oversea passages , however the spectral shapes

are similar .

(c) The frequency at which the peak energy occurs in the vertical

spectrum decreases with increase of height i.e. implies an

increase of the eddy size with increase of height .

(ad) Stable stratification suppresses energy at low frequencies,

while unstable conditions increases the low frequency energy.

As will be seen later these points define some of the very

different characteristics of the Uo and vu spectra e.g. the

eddy sizes associated with the longitudinal component being

greater than those of the vertical component and the fact that

spectral shapes are independent of terrain roughness .
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The work of Rider (1954) merely added to existing knowledge

of the Cardirmgton site ( i.e. mown grass surface ) .. By making

measurements up to a height of 2m. (6.6 ft.) he defined the

following ,

Tet

ue Gr) Beau
0.32 (0.12 in.) 0.00083

which agrees fairly well with other authors data e.g. Sutton

(1953) gives Yo = 0-10 cm. (0.04 in.)

One of the few theoretical papers presented in this period

was that of Businger (1955) and this was mainly concerned with

modifications to Lettau's (1949) work on isotropic and non -

isotropic turbulence and how it is affected by various degrees of

stability and instability .

It has been indicated by previous authors that Yo is independent

of atmospheric conditions over rural terrain . It was aiso shown

to be independent of fetch by Charnock (1955) in the case of

flow over water . However no results were quoted hence the accuracy

of the conclusions being considered doubtful cannot be assessed ;

as indicated previously such measurements over water are

particularly prone to many sources of error . It was stated

that early results implied an increase of the shear stress with

decrease of wind speed , which was thought to be in error ,

however it is considered that this may possibly be a Reynolds

Number effect i.e. change of flow from turbulent to laminar as
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speed decreases . This point cannot be checked from the paper +ut

(see Deacon(1957 ) later )

Additional data on the applicability of the power law was

given in Collins (1955) :-

Terrain Ye Reference

Brookhaven (U.S.A.) 2 0.25 Singer and Smith (1950)

Typical City Site *<* 0.33 Hellerman (1953)

Various : 0.10-0.40

Similar detailed data to that given by Collins was included

in Deacon (1955) and is tabulated here :-

Terrain Yep Reference

Sale : Gently rolling, grazing 0.16 Deacon (1955)

Cardington : Short grass 0.17 Frost (1947)

Leafield : Fields, low stone walls , 0.17 Heywood (1931)

hedges

Quicklom : Level meadows , hedges 0.23 Franckenberger ,

trees Rudloff (1949)

Upton : Scrub oak , scrub pine , 0.26 Panofiaky (1953)

h = 10m.(33 ft.)

Akron : Rolling country,bushes,small 0.22 Huss & Portman

trees (1948)

Deacon in fact investigated the "Maximum" gust in given periods

in this work whereas the values of interest in this review are
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the r.m.s. values , however he made some general comments on

gust structure . Although a few gusts had a vertical scale of

at least 150m.(490 ft.) , the majority were less than this ;

also the stronger the gust the less the variation of gust speed

with height . The latter point has been confirmed by many authors.

Deacon suggested it followed the law :—

o-oa8s

aA, > (%)

where Ue is the maximum gust ina given period .

The main point shown from the summarised data of this paper is

the almost universal adoption of the power law to define the

velocity profiles of the Earth's boundary layer .

There were a few points of interest in a further paper by

Deacon (1955b) who defined the total rate of turbulent energy

production as :-

1G (%ey) aS Seer.

(H = vertical eddy flux of heat)

which is eG “Ri + Ri

these being dynamical and thermal turbulence terms respectively.
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Then he defined ;—

Ne kml = Eddy viscosity

Eddy conductivity

and,

* TM Si

Km = = a “ay = F (Ry y)

for neutral conditions Ry =o and

Kn =k _ Von Karmans Constant

which he established as being of the order 0.38

Some doubt still remained regarding the time that

measurements should be averaged over in order to obtain statistically

representative results . Deacon showed here that longer times

were needed than previously anticipated s-

Component m t+UninsComponent

w 1.5 10

uw 28 20
:

We 1.5 5
1

U 28 5

i.e. the variation of W with distance from the ground is much

greater than that of \s' » &@ fact which is consistent with the

variation of these quantities with height in a boundary layer .
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In support of this he quoted , for adiabatic conditions :-

. :

Et Eee =os : Wass =o

and (Geis =bs and Cis. ~2s

Finally , concerning the transport of energy , he concluded that

there was considerable upward transport of small scale eddy energy

and downward transport of large scale eddy energy . Regarding

the energy of the uv cospectrum (FIG.3la) it was shown

n

that there was little energy for GOS 1.0

or <= 0.01 , a point which is verified adequately by

more recent data ; this in fact represents some of the earliest

data on the properties of this cospectrum .

To add to the previous data on defining indices for the

power laws for various types of terrain there is the work of

Kamei(1955) . The velocity profiles were measured up to heights

of about 30m. (100 ft.) in several urban areas and at a coastal

site . The data may be summarised as follows :-

1

Terrain fe

Coastal 1/5

Urban 3

However , due to the low height range considered for the urban

cases it is felt that some of the measurements could have been

influenced by local effects . It is also considered , from

assessment of some of the previous data , that even in the case

of rural or coastal sites measurements should be made upto a
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height of at least 50m. (164 ft.) and greater to determine the

power index accurately . He also listed the following roughness

lengths but the sources of measurements and other details are

not evident :-

Nature of surface Me (cm)

Field 33.2 (25 in.)

Plain 8.0 (3.2 in.)

Tokio 150 (60 in.)

Nauen 500 (197 in.)

(e.g. Nauen was quoted by Deacon 1955a as being less rough than

' '

Quicklom , Quickborn being a rough rural area - hence ¥* 500cm.

for Nauen seems doubtful ! )

The most interesting data to date on the power spectra

were given by Panofsky and Van Der Hoven (1955) . Initially the

main points from Panofsky and McCormick (1954) were summarised .

The main fact from the present paper is shown in FIG. 31b,c which

represents the power spectral measurements extending from the

micrometeorological range through to the mesometeorological range

i.e. the range of large scale weather movements . The authors

showed the presence of a spectral gap at K = 0.10 which in fact

corresponds to a one hourly period . This gap provides a convenient

separation of mean and turbulent motions in atmospheric movements

i.e. it suggests that mean motions should be averaged over periods

of about one hour .
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This in fact provides the reason for discrepancies in measurements

made by previous workers as also pointed out in Deacon (1955a)

and as such makes a significant contribution in the field of

meteorological measurements . The complete spectrum was presented

later by Van Der Hoven (1957).

The relevant point from Swinbank (1955) was ae 4

for flat terrain lacking large obstructions . The measurements

were made from a height of 8m.(26 ft.) to 30m. (100 ft.) .

Taylor (1955) provided further measurements of the length scales

( Lue ) . However since most of the data was obtained in

conditions of unstable equilibrium the estimated length scales

will be somewhat greater than those applicable to adiabatic

conditions . The only other point of interest was that the

condition of local isotropy was shown to apply over a wider

range of frequencies than previously thought ; this agrees with

the findings of authors previously considered . The derived

length scales are as follows :-

y(m) Lux (m

15 (409 £6.) 24(78 ft.)

28 (92 ft.) 40 - 110 (130 - 360 ft.)

The work of Webb (1955) was one of the first attempts to

define the variation of the length scale with height . Typical

measurements from his data are,

y(m) Lox (m) lwx (m)

1.9 (62° £t.) os 3.35,(1058 ft.)

29 (95 ft.) 84(280 ft.) 12 (39 ft.)
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The correlated data is shown in FIG.32 where he suggested ,

ews yt , for ye 100m.(550ft.)

Although this seems plausible on the results quoted , more recent

data suggests that it may be valid in the surface layer but not

above it . This point will be summarised in more detail later

when more data has been accumulated . Considerable data was

also presented for unstable’ and stable conditions and is also

shown in FIG.32 . It is of interest to note that in the unstable

cases Lu. only increases up to moderately unstable conditions

and then rapidly decreases as the dégree of instability increases

further . It can also be seen that the small scale of the

vertical component indicates that it has not got much energy at

low frequencies in comparison to that of the longitudinal

component . This also agrees with conclusions of papers

considered previously . The vertical spectra also indicated the

energy spread over a wide range of frequencies , whereas the

longitudinal spectra had well defined peaks . He also concluded

that Kolmogoroff's -5/3 range applied to eddies having scales of

the order of 30 - 60 m.(100 - 200 ft.) where " it is certainly

believed isotropy does not extend ".

Ellison (1956) presented a very condensed review on

atmospheric turbulence most of which has previously been considered

here . The topics of interest are discussed generally without
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the introduction of new data . Some of the main points which he

emphasised are noted here . When considering large roughness

elements he made the point of taking the point of origin for

velocity data near the top of the roughness elements i.e. the

zero plane displacement was not considered ! With regard to

determination of % for the sea he indicated that an error of

5 om. (2 in.) in the height above the sea measurements would

lead to an error of 30% in T; . The use of the power law to

represent the velocity profile through the boundary layer was

recommended for adiabatic conditions , for other conditions the

law suggested by Deacon (1948) was recommended i.e.

1 \-P

BAe aces LC

where k = Von Karman's constant and B = 1 for adiabatic

conditions . A typical value of the shear stress

of 0.0013 was quoted for open country ; this was assumed to be

reasonably independent of atmospheric equilibrium . He showed

that determination of the shear stress over sea areas by use of

the expression,

e fe Ces
(Cf Sheppard et al 1952)

was rarely possible due to baroclinic atmospheric conditions .

In a baroclinic atmosphere a horizontal temperature gradient

exists which can be at right angles to the flow direction such

that , for example :-
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A horizontal temperature gradient of 1° /100 km. can cause

a vertical gradient in the geostrophic wind of about,

3m./ sec./ km.

This can either reduce or increase the variation of the wind

direction with height resulting from the Coriolis force .

However , for the case of strong winds , the friction effect

becomes dominant , except perhaps in the case where ve is very

small . Therefore when the wind is blowing over land its effect

should , fortunately , not be too significant .

A paper on the climate of towns by Landsberg (1956) » although

not a technical paper , made the observation that changes in

climatic conditions due to the presence of buildings was

recognised as early as the beginning of the 19th. century and

pointed out the difficulty in obtaining representative data from

such sites without these being influenced by local topographic

effects . He defined the main effects resulting from buildings

as,

(a) a change of the aerodynamic surface roughness

(b) a change of the local heat outpatr , and

(c) the addition of chemicals which polluted the atmosphere .

The problem of the wide range of shear stresses measured in

what could be considered as being the same type of terrain was

treated by Deacon (1957) ; some indication of it had also been
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given in Deacon (1948) . On the assumption that it was indepen-

-dent of atmospheric equilibrium he showed that some of the

variation could be attributed , in the case of rural terrain ,

to a Reynolds number effect (FIG.33a) below a speed of about

2m./sec. at a reference height of 15cm.(6 in.). The increase

of the stress with decrease of speed below 2m./sec. is analogous

to the increase of a cylinder drag coefficient as its Reynolds

number is reduced . Nikuradse's criterion for rough flow i.e.

perce) >2s (for sand roughness )
2

was shown not to apply to grass and

Wye +40
as

was suggested as being

more applicable . This is an agreement with the conclusions

made by previous authors . Above 2m/sec the shear stress tends

usa
to a constant value of Unax = 0.0022 , which

is generally in agreement with previous data .

A comparison was made by Deland and Panofsky (1957) of the

measurements from O'Neill , Nebraska , and Brookhaven whose

roughness lengths were 1.0cm (0.39 in.) and 1m.(39 in.)

respectively , from which some general conclusions were drawn on

roughness effects . In both cases the turbulence got more

isotropic as the wave length decreased , also , large eddies ,

in adiabatic flows , tended to be orientated in vertical planes

parallel to the wind direction - a point which does not agree with

the findings of Townsend . The spectral shapes were found
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to be similar in both cases . The longitudinal velocity spectra

were found to be reasonably invarient with height but the peak

of the nSGr) curve of the vertical spectra moved to

a lower frequency with increase of height . This is consistent

with suppression of the low frequencies at or near ground level .

Similarly in the case of the cospectra , generally , there was

an increase of energy at the low frequencies and a decrease at

the high frequencies as the height was increased above ground

level . They also concluded that the variances and stresses were

increased by the following factors for the above change of

roughness :—-

Longitudinal Lateral Vertical Reynolds Stress

Factor: 3 2 6 10

However , it is considered that these values are probably for

extreme cases and that more representative values would tend to

be somewhat lower . The authors suggested that the vertical

spectrum shape could be represented by :-

_f

$Su() = OSS ER
(c = Conan)

where eee i.e. the spectrum is height dependent .

There is a considereble amount of data in this paper on the

effects of the state of atmospheric equilibrium on the turbulent

properties of the boundary layer which makes it of value as a

reference paper .
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Notess (1957) contained the results of many flights over

different types of terrain . However the main analysis was

contained in Notess (1959) - The main points indicated in the

present anaysis were a reduction of turbulence on flying from

land to sea and very little turbulence measured above an altitude

of 600 m.(2000 ft.) . For heights greater than 215 m.(700 ft.)

the spectra of all three components of turbulence were found to

be similar .

The turbulence in the atmosphere was considered by Press

(1957) as it was applied in relation to a/c gust loading .

Results were quoted for altitudes where the turbulence is generally

isotropic i.e. y > 300m.(1000 ft.) and this was verified by

the date presented . The point of interest shown here was that

the probability density distributions can be regarded as Gaussian

up to moderate values of the standard deviation (see FIG.33b ,

for \W- component ), however at extreme values , the

measurements vary from that predicted by the Gaussian distribution.

Townsend's work on the structure of boundary layer flow was

further developed in Townsend (1957) . His main conclusions

were that measurements in the inner or constant stress layer were

consistent with the occurrence of two-dimensional jets in the

flow which were directed outwards from the viscous layer and were

long in the flow direction . In the outer layer the large scale

motions appeared to be jets of turbulent fluid . Townsend assumed

that the large eddies were an essential part of “turbulent shear

flows . The type of motion deduced for the outer layer is shown
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in FIG.34a,b where the eddies were assumed to be of comparable

size to the boundary layer depth . The type of flow deduced

for the inner layer is also shown in FIG.34a , it was assumed to

consist of two-dimensional jets aligned with the mean flow .

Up to this time this was the only attempt made to describe the

flow structure based on the results of a detailed experimental

investigation . However at later dates other detailed investig-

-ations suggest other types of flow structure in flat plate

boundary layers .

The work of Van der Hoven (1957) is an essential part of any

paper which refers to the Earth's boundary layer . In this paper

the complete spectrum for the mesometeorological and

micrometeorological ranges were presented (FIG.34c) . Two

distinct peaks were indicated on the spectrum , one at a four

day period and the second at one minute . The former was

associated with movements of large pressure systems and the

latter with the peak of the spectrum produced by mechanical

turbulence . The gap between the two spectra occurs at a period

of about one hour and it was assumed that this was due to the

lack of physical processes in the atmosphere which could support

eddy energy at this frequency range . The main contributions

to this spectrum lie in the frequency range of :—

23) =
Axio ma) & Solo

However it can be seen from the spectrum that for most purposes

an averaging time of from 15 to 50 minutes would be sufficient
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in order to obtain representative mean values . These measurements

give thefirst complete data on the power spectrum of the

longitudinal velocity . Also of interest was the fact that the

experimental data suggested that the spectral gap occured at a

higher frequency in flows over rougher terrain . This implies

that in the case of , say , an urban area that there is a

reduction in the streamwise scale of longitudinal turbulence ,

a point to be borne in mind for future reference .

The results of a considerable programme of work carried

out at O'Neill, Nebraska were edited and presented by Lettau and

Davidson (1957) . The detailed data for the neutral equilibrium

case will only be recorded here :-

Range of ¥, (om) 2 1.73 , 0.51 , 0.34 , 0-44 (0.68~ 0.1%y)

1

Range of “2 +: Lapse - 1/6~1/10 , Neutral 1/5~1/7,Inversion 1/4~1/2

Me Unae § (000016 ~ 0.0016

yor) Wye We wy
25 0.219 0.143 0.079

x 0.198 0.113 0.065

6 0.168 0.096 0.058

12 0.155 0.096 0.063

For near-ground level the following can also be deduced :-

i, 1), Te 7 Ur
27. A-G 4.4
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The growth of a boundary layer over a change of surface

roughness was considered by Elliott(1958) . This is of

relevance with regard to measurements of the roughness length

voles Although most authors of prewious papers choose sites of

homogenous roughness for such measurements , there are , no

doubt , cases where errors occured due to flow not being in

equilibrium at the measuring position i.e. due to the terrain

fetch being insufficiently long . However such errors may not

be any more significant than those arising from instrumentation .

Elliott's work predicted the height of the growing boundary

layer as:-

of O2

Nice Oo 86x Ye

Therefore if vy is known and the mean roughness height h the

following can be determined :-

(a) The boundary layer height appropriate to the new surface

and ,

(b) Whether sufficient fetch is available for near

equilibrium conditions to be attained (i.e. by assuming

that it takes a distance of N x h to attain equilibrium)

Additional data was presented by Ely (1958) from the O'Neill,

Nebraska site :-

yom) eee Wome oye!
3 2-9 10 19~20
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The scatter of the data generally increased above a wind - speed

of about 6m./second , this may be associated with the onset of

adiabatic conditions producing mechanical turbulence . From a

spectral analysis he also concluded that,

(a) Thermally generated turbulence occurred at lower

frequencies than mechanical turbulence i.e. it reduces

the spectral "gap"

(b) 39% of energy between 0.001 and 0.5 eps was of solar

origin and decreased with increase of wind speed i.e.

production of adiabatic conditions .

No indication was given of what stable or unstable condition

applied for (b) above , otherwise » these conclusions agree with

the findings of other authors .

Jensen (1958) gave additional measurements of velocity

profile indices for rural and urban (Copenhagen) sites . However

the Copenhagen data are not considered to be very representative

due to the restricted height range of the measurements and the

fact. that more local than mean effects could have been measured .

V

Type Site AL yy(em) y(n)

Urban : Copenhagen; 0.36 ; 750 (296in) ; 35~80 (118~260ft.)
(bh = 15m)

(Cultivated : Neesgard » 0-87 : 4.5(1.8in) > *50~3.0 (1.6v10f+.)
area)

* : Albertslund, 0.187; 0.95(0.37in); 1.0~6.0(3 .3~20ft.)

" : Freslev ; 0.152; +30(0.12in); +70~8.5(2.3~28ft.)

(Very Smooth): Hf jir pGelh 0.016(.007in)'.50~2.0(1.606.6ft.)
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Johnson's (1958) paper provided another illustration of the

results of basing a velocity profile index on measurements too

close to the ground for rural terrain and adiabatic equilibrium ,

eee

etae, gives Ya = a
Wirecom

ena ee gives ye = La-3G
Trccom

He also gave the power indices for other equilibrium conditions ,

from measurements at 40m. (130 ft.) and 1000m.(3300 ft.)

Inversion Lapse

Ya 3
: 1/3-5 8.7

he : 1/3.0 1/9.0 (cf.Friedman 1953)

,

The change of wind direction with height ( fd ) was quoted

as 33° from 40m.(130 ft.) to 1000 m. (3300 ft.) .

A comprehensive set of correlation measurements was presented

by Grant (1958) from flat-plate boundary work . From these it

can be seen that the length scales of turbulence increase with

increase of distance from the ground ; at about half the

boundary layer height the rate of increase becomes less noticeable.

Also it can be seen that :—

(ea Lay > Lug

These measurements are of importance since they verify the type

of variation proposed , and to some extent measured , in the

adiabatic atmospheric boundary layer .
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Taylor's hypothesis concerning turbulent eddies , i.e. that

they are carried along at the same speed as the local mean wind

speed was verified by Panofsky et al. (1958) . The hypothesis

was shown to apply up to a height of at least 90 m.(295 ft.) and

for turbulence intensities up to 0.26 . This if the autocorrelation

is measured and its integral multiplied by the local mean velocity

the local mean eddy size is obtained . The conclusions were

pased on the analysis of some of the O'Neill data .

Deacon (1959) , on the basis of available data , assumed

that the length scale of turbulence increased with height from

the ground and that near the ground the production and dissipation

of turbulent energy could be assumed equal . Once again the

applicability of the power law and the relevant power indices was

reviewed by De Marrais (1959) . The main results were summarised

in tabular form (FIG.35a) . An index of 0.29 was suggested by

the author as being applicable to the Brookhaven site in neutral

conditions . This was based on measured velocity ratios at

11 and 125 m. (36 and 410 ft.) ; 46 and 125 m.(150 and 410 ft.)

and 11 and 46 m. (36 and 150 ft.) . However this value is

considered to be too high for this site since recent papers show

that the power index does not vary considerably from lapse to

neutral conditions . This is also shown to be the case for the

other data tabulated by the author (Fig.35a) . The second table

(FIG.35b) also shows that determination of a power index from

readings too close to the ground tends to give above average

values , due to the fact that the log-law is more applicable near
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ground level . The height below which velocity readings should

be neglected is clearly dependent on the prevailing ground

roughness . On the above basis a value of the order of 0.22~0.23

would be expected for the Brookhaven site .

Some further information on length scales was given by Hay

and Pasquill (1959) . ‘They assumed that the length scale can be

determined by the product of the mean wind speed and the time

taken for the auto - correlation curve to fall to a value of Ye.

i.e. assuming that the curve goes asymptotically to zero . Hence

the length scale ( Lux ) over downland at a height of

2m.(6.6 ft.) were deduced to be of the order 20~40m.(66 130ft.).

Johnson (1959) concluded that the velocity variation with

height could be more consistently described by a power law than

a log-law and quoted the following data :-

1

Terrain fe Reference

Snow 0.165 ~ 0.149 Frost (1948)

O'Neill 0.17

He also quoted some turbulence intensity measurements made over a

snow surface but it is not possible to interpolate data for

neutral conditions from the unstable and stable data quoted .
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An attempt was made by Lettau (1959) to correlate vue ground

shear stress or surface drag coefficient Ca L- Coy Gad
with the roughness length which was used as the characteristic

length in the Rossby Number (Dum GF) . This work

was based on the fact that in fluid dynamics the drag coefficient

of smooth and rough walls could be correlated against Reynolds

Number . The variation derived by Lettau is shown in FIG.36a ,

which also includes additional data on the roughness length of

various sites . It is suggested that the data could perhaps be

equally well represented by a straight line .

From flight measurements (Henry 1959) established Taylor's

hypothesis and that the longitudinal and vertical velocity spectra

had slopes of -5/3 at the high frequency ends . The standard

spectral form was given as :-

Tanh. (ps) :
* ¢ ) “R= = = wave numberS(@)= Pie

where $ and q, are empirical constants .

The following forms were proposed for the middle and high

frequency ranges for adiabatic equilibrium :-

Sy (2) = 0.178 Osi se)
We (2a?

and

S.@ = 0:39 ce Tenh.@oe “= )
ya
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Further expressions from aircraft theoretical work were

given by Lappe et al (1959) for the spectra as follows :-

theme paca le
Sao LSS]

and,

zr |S.@)-$0t|— |

where Tv = Total variance and L = Characteristic turbulence

scale .

The above forms however were not verified by flight test results.

However the results provided further verification of Taylor's

hypothesis . The flight tests were carried out over different

types of terrain and it was shown that there was an increase of

low:frequency energy with increase of terrain roughness i.e. an

increase of the length scale of turbulence ; this point , at

first glance , is hohtsary to. thatdeduced from previous papers

However the roughness in this case consists of the large

topographical irregularities of the Peakskill site . It seems

reasonable to assume that such irregularities cannot be assumed

to have the same effect as the change of roughness encountered

by flow going from a rural to suburban or urban area . Such a

change of roughness is taken to produce a reduction in the low

frequency energy or length scale of turbulence .

A further analysis of the same flight test data was

presented by Notess (1959) . For the expressions presented

above Laffe et al (1959) , L was taken as 300m.(1000 ft.) in
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order to fit the proposed spectral shapes to the measured data .

The slopes of the spectra were found to vary between - 1.5 and

- 2.0 at the high frequency end , where isotropy of all three

turbulent components was also shown to be true . The energy

content of the spectra was shown to be a function of ground

roughness (¥,) . Considering the vertical velocity component ,

the low frequency energy was shown to decrease for y < 180m.

(600 ft.) and also shown to decrease as the ground roughness

decreased . The probability density distributions of the fluctuating

velocities were also assumed from the data to be Gaussian ,

however the author points out that this may not necessarily be

true at very low altitudes . It is assumed that this applies

to heights which are low enough to be influenced by local effects.

The author's derived length scales are shown in FIG.46b ;

Flight 109 being the near adiabatic case . Plight 112 data

represent a gradient of - 1.5°¢ /100 m.

Panofsky and Deland (1959) was mostly a review of data

previously presented by Panofsky and others . In agreement with

many other authors (e.g. McCready 1956 , Jones 1957 ) the

applicability of the -5/3 law at the high frequency end of spectra

was confirmed . In this range also the spectral energy of the

various turbulence components was found to be similar . With

increase of surface roughness the energy of all components

increased e.g. cf. O'Neill site whose y, &0.7 om. (0.28 in.)

and Brookhaven having y, = 1 m.(39 in.) (see Deland and Panofsky

1957 ).
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It was suggested here that the change of spectral density due to

roughness could be represented by :-

es [ tage “i, A egy]

With regard to the vertical velocity spectrum , this was found

to be similar at all heights but to move to a lower frequency

with increase of height above ground level . The lack of energy

in this spectrum at low frequencies (cf. to the longitudinal

spectrum ) is shown in FIG.35c ; there is not a great deal of

energy below a frequency of about 0.004 c.p.s. whereas the

longitudinal spectrum contains appreciable energy down to

frequencies of at least the order of 0.001 c.ps. This effect

was also illustrated in the Uv spectrum (FIG.35¢ ) by the rapid

decrease of its energy content in the frequency range where there

is little or no energy in the vertical spectrum . It follows

that the maxima of the coapectra would be expected to move to

lower frequencies with increase of height .

Singer and Smith (1959) summarised the results of long term

investigations at Brookhaven aimed at determining the variation

of the power index % with various meteorological parameters .

It is assumed from the extensive data that the correct value of

the index for neutral conditions at this site is 0.21 which is

obtained by neglecting the velocity measurements at the lowest

test height of 11.5 m. (37 ft.) . This is considered to be

justifiable since the height of the surrounding roughness



(i.e. trees) is of the order of 9m.(30 ft.) . However it is

noted that recent literature tends to take a 0.23 index for this

site , which is here considered to be an over-estimate . This

point will be considered again later in the text .

Vinogradova (1959) gave the results of fairly comprehensive

measurements of the stress over water surfaces . From hot-wire

measurements it can be deduced that at a height of 2m. (6.6 ft.)

Ue NQoTaim = 0-05

S. Mpa 0.0221 for B= COOMm.
— = ,

s O.0ooS.
—t

max

404
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Ss f data on e structure of the atmospheric bound:

layer for the period 1950 - 1959 .

There is no doubt that in this period there was a great

increase in the amount of measurements made at various sites

in the atmospheric boundary layer . These data have been

included in ‘Apps 1 with those from the preceding periods .

The most complete measurements are those of the Leipzig site

re-analysed by Lettau (1950) and the extensive measurements

from the O'Neill site presented by Lettau and Davidson (1957)

The many measurements by Shiotani of turbulence length scales

and intensities also provided a valuable contribution in this

period , as did the tabulated data of Deacon (1955) of the power

indices of various types of terrain . Webb's (1955) analysis

of the variation of the length scale with height is also

significant and provides a useful basis by which to correlate

other data of this type .

The work of Van Der Hoven (1957) produced the complete

spectrum of the longitudinal turbulent velocity and established

the existence of the spectral gap , thus giving a time over which

data should be recorded in order to provide representative mean

values . The work of Townsend (1951 and 1957 ) also went some

way towards describing the structure of flat - plate boundary

layers which , it has been assumed , are similar to adiabatic

atmospheric boundary layers .



IGG

The most noteworthy theoretical contribution is that of

Monin and Obukhov (1954) by which the Monin-Obulkhov length was

established .

Since the amount of data available is now fairly extensive

it is proposed to make an interim assessment in order to establish

the general characteristics of the various types of terrain of

interest . These will then be refined to a more definite form

by the additional quantitative data to be derived from the

1960 - 1969 period .
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2.4. INTERIM ASSESSMENT OF DATA FROM THE PERIOD 1880 - 1959 .

In the preceding review of the meteorological literature

sufficient data have been presented from which the orders of

magnitude of most of the boundary layer quantites of interest

can be broadly determined . The form of the review to date has,

in fact , made it possible to "converge on" the orders of

magnitude of some of the quantities by indicating from the

extensive literature survey the cases which can be taken as

giving extreme or inaccurate data .

Although the manner of the variation of some of the

quantities with the roughness length is now evident , for a

final analysis it will be considered essential to describe the

variation of this quantity as a function of , say , the power

index and turbulence intensity in more detail . As a preliminary

to this , it is considered that this is an appropriate point at

which to briefly summarise the information presented in the

previous text for the following reasons . It is clear that the

majority of the main points that needed to be emphasised,or

illustrated , concerning the characteristics of the atmospheric

boundary layer or the significance of the acquired data , have

been made in the preceding text . Hence it is assumed that the

1960 - 1969 period can be assessed by tabulating the remaining

data required and only commenting where comments are eonsidered

necessary , on either their originality , accuracy or

applicability . The extensive data from this period necessitates

this form of presentation both from the point of view of

conciseness and the avoidance of considerable repetition .
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Therefore , in the following summary , the status of the various

quantities needs to be established , consistent with the amount

of data available , from the 1880 - 1959 period so that it can

be merely refined or added to by the information from the final

period to be considered . The objective is to present the data

finally in a concise graphical form .

The boundary layer quantities of main interest will be

considered individually in the following text .

2.4.1. The flow structure .

Up to the end of the period ending in 1959 comparitively

little was known concerning the detailed flow structure of the

atmospheric boundary layer or its flow patterns . In this period,

as in the following period , the greatest progress in this field

was made by investigations in flat-plate boundary layer flow .

It is assumed that a similar type of flow will exist in adiabatic

atmospheric boundary layers .

Originally , most ideas on the structure of the flow were

derived from observations of cloud and particle movements made

from low flying aircraft . Rawson (1913) , for example ,

commented on the presence of "typical wave motions , surgings

and splashes -.." and motions which could be described as non-

periodic or turbulent . It was generally indicated that such

motions , or turbulence , decreased in intensity with increase
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of height . Shaw (1914) showed how the character of gustiness

changed as it encountered large obstructions such as trees and

buildings and his anemogram recordings clearly showed its degree

of randomness .

Eventually this type of flow was described on a theoretical

basis by Taylor (1915) who considered the "average" effect of a

collection of eddies rather than the complex mathematical problem

of individual eddies . Whe eddies were considered as introducing

a "coefficient of eddy viscosity " and were assumed to be

circular . It was later shown , also theoretically,that the

"kinetic energy of eddying " was increased from the mean wind

by the work done by eddy stresses on the rate of mean strain

(Richardson , 1920) . This increase of kinetic energy ean also

be defined as the rate at which the mean wind gives up energy

to these eddies in the production of turbulence .

The analysis of turbulence by statistical methods was later

further expanded by Taylor (1920) . He introduced the concept

of describing and deducing the structure of a flow by

correlation measurements of the time history of a particle .

It was assumed that the average effect of turbulence was to

give a fluid the power of diffusing certain properties through

it ; therefore , by the above work of Taylor , the problem of

turbulent diffusion was reduced to the consideration of one

quantity , namely the correlation coefficient . Further

observations (Goldie , 1925) showed that the air near the ground
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consisted of partially formed rapidly disintegrating eddies

and it was initially thought that the eddy velocities were

equal in all directions .

Investigations of this concept were carried out by Becker

(1930) , Sherlock and Stout (1932) and Giblett (1932) ; the

recordings of Giblett showed , additionally , the random motion

of the air and that its structure was a function of the

atmospheric equilibrium . It was suggested by Durst at this

time (see Giblett 1932) that the shear in the flow resulted in

the formation of "rolled up" eddies having their axes across

the stream which would tend to break up ; To date other

investigators had not detected such motions . However , with

regard to the relative magnitude ot the eddies it was adequately

shown by Best (1935) that the longitudinal , lateral and vertical

eddy velocities were not the same in magnitude . He also

investigated the effects of averaging the measured quantities

over various periods of time and thus illustrated the fact that

the flow consisted of eddies of various sizes .

In the case of the adiabatic atmosphere the production of

turbulence is a maximum at ground level and its magnitude ,

or intensity , was recognised as being a function of the ground

roughness . It was suggested by Schmidt (1935) that this

turbulence , in the form of vortices at ground level , was

spread upwards in the boundapy layer by some mechanism or other.
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It was subsequently assumed that these vortices were in fact

"projected" into the main flow above the ground , thus

distributing the turbulence created at ground level into the

upper part of the boundary layer (see also Pagon 1935) . This

was one of the first attempts to describe the physics of a shear

turbulent flow .

The use of a power spectrum had been suggested as a method

of analysing the flow structure by indicating the energy content

of the various ranges of eddy sizes (Schmidt 1935) . The basic

theory relating the power spectrum to the correlations was

subsequently derived by Taylor (1938) . In this context the

hypothesis of Kolmogoroff (1941) showed the similarity of the

structure of turbulence at high Reynolds numbers i.e. the

similarity of the small scale turbulent eddies associated with

the high frequency end of the spectrum . It was generally agreed,

at bhis time , that the eddy sizes represented in the spectrum

could be described by three separate bands as follows :-

(a) A low frequency range where the greater part of the

turbulent energy was contained ; this energy being

transferred by inertial forces to the higher

frequencies ,

(b) An intermediate range which had not necessarily the

similarity characteristics of the higher range and which

was significantly influenced by dissipation , but not

directly by viscosity , and
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(¢) a high frequency range which followed Kolmogoroff's

law of similarity .

The next important contribution was that of Townsend (1951)

from work on flat-plate boundary layers . He suggested that the

large eddies in the flow were of the same order of magnitude as

the boundary layer height , and described and determined the

various contributions towards the balance of the turbulent

energy equations . It wasalso proposed that the boundary layer

could be divided into an outer and an inner layer . In the

outer layer non-turbulent fluid was entrained from the mean

flow by the large eddies ; in the inner layer turbulent energy

and scales of turbulence were created .

Priestley and Sheppard (1952) illustrated how energy was

transferred through the different frequency ranges of a power

spectrum and Panofsky and McCormick (1954) showed that generally

the spectral shapes were independent of terrain roughness .

However this implies that the flow structure is not affected

by large roughness elements which seems unlikely . It was also

shown that the structure of the longitudinal turbulence differed

to thet of the vertical turbulence i.e. its length scales , or

eddy sizes , were greater than those of the vertical turbulence.

Again , the existence of eddies of various sizes was ahown by

Deacon (1955a) , who also confirmed the existence of a downward

transport of large seale energy in the boundary layer .
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Enlarging on his previous analysis Townsend (1957) suggested

that there existed , in boundary layer flows , contra - rotating

vortex pairs moving with the flow and having their axes parallel

to the flow direction . Sets of large eddies were assumed to

exist both in the inner , or constant shear stress layer , and

the outer section of the boundary layer . Extensive measurements

in flat-plate boundary layer flow by Grant (1958) showed the

existence of large eddies in the flow and the increase of eddy

size with increase of distance from the wall.

Panofsky et al (1958) verified Taylor's hypothesis concerning

the transport of eddies at the same speed as the local mean wind

speed . At the end of this period it was generally accepted

that turbulent length scales increased with increase of distance

above the ground and that close to the ground the production and

dissipation of turbulent energy could be assumed equal . It can

be assumed also that although a broad picture has emerged of the

flow structure its detailed flow patterns were not known up to

this time .

264.2. The mean velocity profile and the boundary layer

height .

During the course of investigations into the structure of

flow in the Earth's boundary layer many forms for the law

governing the variation of the mean velocity with height have

been suggested . One of the earliest was that of Stevenson (1880)
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who proposed a parabolic law ,

Boe = | & 472
Ua tz

where u, and Uz are the mean velocities at arbitrary heights

y and y, respectively . To apply a parabolic law Stevenson

neglected the lower 10m. (33 ft.) of the measured velocity

profiles . By assuming the application of a power law , power

indices of between 1/6 and 1/7 can be deduced from Stephenson's

results for the various terrain conditions considered .

Other laws suggested were that of Archibald (1885) in the

form of a power law ,

and that of Shaw (1909) , for example , which predicted a linear

variation with height

u Bac

Unax S

where 'C' is a function of the ground roughness .



The results of Dobson (1914) showed that the boundary layer

height was of the order 450 - 600 m. (1500 - 2000 ft.) and the

assumption of a power index of a 1/7th gave the best fit to his

measured velocities . Generally , from other observations ,

little turbulence was found to exist above a height of about

600m. (2000 ft.) . This height range of 450 - 600 m. (1500 -

2000 ft.) was also predicted by Taylor (1917) and 400 m. (1300ft.)

by Schmidt (1918) .

The main problems involved in the derivation and measurement

of mean velocity profiles were adequately assessed by Chapman

(1919) . Although he concluded that most of the measurements

could best be represented by a log - law ,1.e

Wiles ake \og y +b

there is no doubt that a power law provides just as adequate a

fit to most of the data considered , particularly in the case

of high winds . Other variations of the log law were suggested

later but these were generally not adopted as they involved

constants which were functions of both wind speed and atmospheric

stability e.g. Geiger (1927) , Sutton (1932) and Ali (1932) .

A further reference to a boundary layer height of the order

450 - 600 m. (1500 - 2000 ft.) is contained in Giblett (1932) .
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By utilizing the flat plate boundary layer theory of Prandtl

and Von Karman a more refined version of the log-law was produced

by Sverdrup (1934) ,

© oie M% dege “Ge

This was assumed to be applicable for the conditions of

(a) Adiabatic equilibrium , and

(>) Up to a height of about 10 m.

and provided a method of determining the relative roughness of

the terrain considered . However Sverdrup also pointed out

that a law of the form ,

a Me

Pee (3%)
(i.e. @ power lew)

could be applied equally well to most meteorological conditions.

Since the power law could be mathematically manipulated more

easily than the log-law it tended to be used more often than the

log-law in meteorological problems ; V5 being taken as an

indication of the amount of turbulence present . A value for

the index of a 1/7th was regarded as being applicable to rural

terrain e.g. Sutton (1954) , Rossby and Montgomery (1935) and

Pagon (1935) and 1/3 for greater roughness .

Pagon (1935) derived values for rural and urban boundary

layer heights of 325 m. (1068 ft.) and 525m. (1720 ft.)

respectively by assuming an eddy viscosity which was constant
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with height . Paeschke (1937) quoted extensive data on the

power index values for flows over many types of terrain .

However these are mostly over estimated due to considering

measurenéntsmade at heights which are too close to the ground .

This type of over estimate is in fact common to many , even

more recent papers , especially in the analysis of measurements

of mean velocities from urban areas . Further values of an

index. of a 1/7th for rural areas were quoted by Frost (1947)

and Sheppard (1947) .

The most important later modification to the above laws

was indicated by Sutton (1949) as ,

uw sy Sos
Za,” % ds Me

which took into account the zero plane displacement (da) when

considering large roughness elements ( see also Paeschke 1937)

The index which applies to flow over water was given as

0.122 by Sheppard (1952) who also quoted a boundary layer height

of 500m. (1650 ft.) and Sheppard amd Omar gave a height of the

order of 450 - 600 m. (1500 = 2000 ft.) . The values of a

1/7th and 600m (2000 ft.) were quoted extensively in the period

1950 - 1959 for the power index and boundary layer height respec-

tively ; the lower layer in which the log-law was taken to be

more applicable , was assumed to be of the order of 30 - 50 m.

(100 - 165 ft.) in height . The most relevant data was included
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in @ollins (1955) , Deacon (1955a) and Kamai (1955) with more detailed

data from one site included in Lettau and Davidson (1957) .

An example of an overestimate of the power index for the

Brookhaven site can be deduced from De Marrais (1959) and Singer

and Smith (1959) . Although a value of 0.28 is presently taken

to represent this site , a closer examination of the data would

suggest a power index having a value of 0.20 - 0.23 as being more

applicable . The site consists of woodland Waviiie trees up to

about 10m. (33 ft.) in height .

It can be assumed at this stage that the choice is arbitrary

as to whether the mean velocity profile is represented by a

log-law or a power law . The lower 30 - 50 m.(100 - 165 ft.)

of the boundary layer seems to ‘be represented better by a log-law

and it is certainly incorrect to try to deduce a power law index

from measurements made in this height range . However the power

law seems to give a better fit to most of the data over a greater

height range and for the high wind conditions which lead to

adiabatic equilibrium . Hence it was decided to define the mean

velocity profiles of rural and urban flows by power laws .

It can be readily deduced from the preceding text that the

power index for flow over rural terrains lies in the range of

1/6 to 1/7th ; a value of 1/7 (0.143) can be taken as the value

occurring most often in the literature and therefore the most

likely value for typical rural terrain .
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At this stage of the review the choice of a power index to

represent flow over an urban area is more difficult for the

following reasons . Im the first instance there is a scarcity

of results for such conditions and secondly, and more important,

there is the fact that many of the available results will include

local topographical effects rather than be representative mean

values of particular urban areas .

Some of the data included in this context are the often

quoted measurements near Leipzig by Mildner (1932) . They are

here assumed to be typical of a suburban site and a power

exponent in the range of 0.22 - 0.25 provides a good fit to the

data . The urban case referred to by Rossby and Montgomery

(1935) is best represented by an index of 0.40 . Additionally ,

values of 0.36 for Strasburg and 0.40 for Tokio were suggested

by Paeschke (1935) and Shiotani and Yamamoto (1948) , respectively.

The sources of these measurements , however , lack sufficient

detail , with respect to the situation of the measuring positions

relative to the local topography , for a reliable assessment to

beemade of them .

Hellermann (1953) suggested a value of 0.33 for a typical

city site and Kaimei (1955) the same value for Japanese towns .

In the latter case the measurements appear to be influenced by

the local effects of nearby buildings . The same statement

applies to the Copenhagen measurements of Jensen (1958) from

which a power index in the range of 0.34 - 0.35 can be deduced
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for the city centre . The Brookhaven site which has local

obstructions of up to 10m. (33 ft.) in height can be regarded,

for present purposes , as being representative of a suburban

site and be represented by a power index of 0.21 (Singer and

Smith 1959).

It can be seen that it is by no means clear what the power

index should be for an urban area , from the data of this period,

except that it is probably in the range 0.21 - 0.40 .

With regard to the boundary layer height , the majority of

the relevant data inevitably suggests a value in the range of

450 - 600m. (1500 - 2000 ft.) with most of the quoted values

suggesting 600m. (2000ft.) . This value has been assumed when

ay
determining Unax from the power law in order to

normalise the data from various sources ; this has produced a

reasonable degree of consistency in the measurements so treated.

2.4.3. The Roughness Length .

The magnitude of the roughness length can be defined from

the log-law,

% 7 ty boge ee

either by computation or graphically . Reliable estimates are
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difficult to obtain since the roughness length is a function of

stability (to some extent) , fetch and wind speed unless in the

latter case :-

Un Ye > 2s
av

However , there is some evidence that this criterion is a function

of the "type" of roughness being considered and therefore it

cannot be taken as a definite guide .

Generally there is sufficient data available from which

typical average values can be obtained for the cases required;

this is especially true of more recent data when the points

mentioned above were taken into account . On the other hand it

is possible to deduce typical rural values from even the

measurements of Stephenson (1880) as follows ,

TERRAIN + "Open ground" +: Corn (h = 30cm.) : Corn(h = 1m.)

4-8o

y¥,(cm) . 02157 p 227 ‘ 480

which values are independent of wind speed in the speed range

considered . These can be compared with values derived by

Sverdrup (1934) which , although the terrain description is not

very explicit , have the same order of magnitude as those shown

above ;

TERRAIN : Short mown grass : Open grassland : "Relatively" Calm sea

¥o(om) : 0.54 : 3.20 5.90
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In the case of urban terrain one of the first values quoted

was that of lm. by Rossby and Montgomery (1935) ; they also

suggested a value of 3.2m. (10.5 ft.) for "large roughness" .

The extensive data presented by Paeschke (1937) has already been

indicated as being significant since it allows for the effect of

the zero-plane displacement in estimating the roughness lengths.

The author quotes,

os = YG) <

for terrain varying from snow-covered to beet and cereal crops .

Frost (1947) quoted values of 1.0 cm. (0.39 in.) and 2.6cm.

(1.02 in.) for sea and open country respectively . Sheppard

(1947) and Deacon (1948) summarised most of the available data

on roughness parameters from which the range of values applicable

to rural terrain can be deduced as ,

4.0 S$ Ye(em.) SS

A fubther value for urban terrain was also quoted at this time

by Shiotani and Yamamoto (1948) i.e. a value of 4m.(13ft.) for

Tokio . They suggested that for urban areas,

ye 7 Va
A further example of allowing for the zero plane displacement

was given by Pasquill (1950) who determined a a of 0.66cm.

(0.25 in.) for grass 15 em. (5.9 in.) tall. Shiotani (1950)

stated values for the roughness length of terrain covered by grass

and vegetables as ,

1S S Yo or) SSS
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Additional data was quoted by Deacon (1953) and Sutton (1953)

which lies in the range of values already quoted . From the

work of this period it became possible to start correlating

roughness lengths for particular sites e.g.

Cardington : Brookhaven : O'Neill

yo(om-) : 0.32 100 iso.

for which the power law indices are also known .

The paper of Kamei (1955) included another value of 1.5 m.

(4.9 ft.) for the roughness length of Tokio ; a value of 4m.

(13 ft.) had previously been suggested .

In relation to the roughness length of grass , Deacon

(1957) suggested that Nikuradse's criterion should be modified

to,

Baden = 40
Sa

Some other y, data was presented by Lettau (1959) which again

agrees with the previously quoted values .

Therefore it can be assumed at this stage that ie for rural

areas should fall in the broad range of ,

1.08 yo(em) Sel.

and as a very rough guide for urban areas , that it should lie in

the range,

1.0 yo(m) Ss 4.0
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Clearly the variation of this quantity with type of terrain

(or say Ve ) will eventually need to be defined more precisely.

204-4. The Reynolds Stresses .

If the roughness lengths of the terrains considered are

known then it is not strictly necessary to define appropriate

values of the Reynolds stresses . However , if it is assumed

that its variation through the boundary layer is similar to that

of a flat-plate boundary layer , then , sufficient information

is available to at least define its order of magnitude at ground

level or in the constant stress layer .

Some of the earliest assessments of the ground level shear

stress were those of Taylor (1916) , from which can be derived ,

Ss 0O-ce20

which values are applicable to open countryside having a boundary

layer height of 600m.(2000 ft.) . Similarly , Scrase (1930)

derived a value of approximately 0.0015 at a height of 19m.

(62 ft.) above the ground ; this can be regarded also as the

approximate value at ground level , since the Reynolds stress

was considered to be constant (to within about 6% ) up to a height

of about 50 m. (165 ft.) above ground level ( e.g. see Calder 1939)
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Additional measurements were presented by Sheppard (1947)

in the form of a drag coefficient i.e.,

where U, = a reference velocity

The range of Reynolds stresses applicable to rural terrain for

the condition of adiabatic equilibrium can be deduced from these

data as :-

o.oo <- SY = 0.0043
Unak.

Values as low as 0.0010 for short grass and sea were quoted by

Pasquill (1950) and Sheppard (1952) and a value of 0.0024 by

Shiotani (1950) . Hay (1954) however gave a Reynolds Stress as

low as 0.0006 for flow over the sea .

A mean value for rural terrain of 0.0025 was suggested by

Monin and Obukhov (1954) . The Reynolds stress of a mown grass

surface was given by Rider (1954) as 0.0008 which agrees with 4

the value for short grass given by Pasquill (1950). Ellison's

(1956) review paper suggested a value of 0.0013 for open

country , while Deacon's (1957) detailed analysis gives a value

of 0.0022 .

The values quoted above refer mostly to various types of

rural terrain . However Deland and Panofsky's (1957) paper ,

comparing the data from Brookhaven (y= lm.) and O'Neill (y= lem)

suggests that the Reynolds stress vary by a factor of about
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10 for the sites , when the stresses are based on the local

velocities . Lettau and Davidson (1957) quote a value of about

0.0017 for the O'Neill site based on the free-stream velocity .

Finally the work of Vinogradova (1959) gives another value of the

shear stress of a water surface as 0.0005 .

Neglecting the extreme cases of the above data , it is

therefore suggested that typical rural stress values should lie

in the range ,

wu

0-0020 S- =r = ©-0030
Unan.

(at » Or near, ground Level)

The only guide to the urban stresses , of stresses due to

greater roughness , comes from the work of Deland and Panofsky.

Hence there is insufficient data at this stage to define the

urban case -

2+4.5. The intensity of turbulence .

It has been shown that the production of turbulence , and

therefore the level of its intensity , is a function of the

Reynolds stresses and the mean velocity profile of the flow

being considered . Therefore it is of interest to consider

what the magnitude of the longitudinal (u') , lateral (w') and

vertical (v') components of turbulence intensity should be in

the rural and urban flows previously specified .



137

The general character of gustiness , i.e. turbulence , was

recognised in the early literature as was the fact that it is a

function of both surface roughness and height above ground level.

It was additionally generally assumed that all three components

of turbulence were of equal magnitude . However Scrase (1930)

showed that the ratio of the three components of turbulence were

as follows ,

Ve : Jar : Ve ErietOs7s11O°4

(Cf. typical flat-plate data ,

Te : No: tee 1:078:0-54

from ground level up to the height of 20m. (65 ft.) considered .

Eventually the magnitude of the longitudinal component was

established by Best (1935) as,

~o.1sho-lG
uw

in open countryside .

Hence , the corresponding values of the other two components

could be deduced . Up to the height considered , the ratio

and variations of the components were shown to agree fairly well

with the pipe flow measurements of Fage and Townend (1932) .

Many authors at this time also derived the ratio of the lateral

to vertical turbulence intensity as being of the order 1.5 - 1.6.
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A value of 0.135 was given by Shiotani and Yamamoto (1948)

for Wy for rural terrain . They also presented some
of the first measurements of turbulence intensity made in an

urban area . Their measured longitudinal turbulence intensities

fall in the range 0.20 - 0.30 , whereas it can be said that rural

measurements fall roughly in the range 0.10 - 0.20 near ground

level .

Shiotani (1950) presented additional data on rural and

urban turbulence measurements . The rural measurements fall in

the range 0.10 - 0.14 and the urban measurements in the range

0.36 - 0.48 . A further value of 0.25 applicable to an area

having large roughness was given by Cramer (1952) and a value

for over water of 0.19 by Sheppard (1952) . Fairly extensive

measurements of lateral turbulence were given by Frieman (2953)

and these verify that NS Ee «0.75 , as did the results
given by Robinson (1953) . The ratio of Wye can also be

derived as of the order of 0.5 from MacCready (1953) whose

turbulence measurements also fall in the ranges already quoted.

Extensive measurements made by Shiotani (1953) over snow

fall in the range,
Tk

O10 < Jig, < 0.16

while the well quoted results of O'Neill , Nebraske given by

Lettau and Davidson (1957) as expected range from ,
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Neglecting measurements at heights below say 1 - 2 m.

(3.3 - 6.6 ft.) the turbulence intensities of rural areas can be

safely defined as falling in the range,

Tt

°.10 Ss Je Ge oe

up to a height of say 20 to 30 m. (65 - 100 ft.) . On the other

hand urban intensities should be in the range ,

ar

0.20 < Ie =0.35

2.4.6. The power spectral densities .

The forms of the power spectral densities of the longitudinal,

lateral and vertical fluctuating velocities have now been fairly

well established . However , the work involved in defining the

form of the spectrum did not progress , originally , as rapidly

as that on the measurement of other quantities . After the work

of Scrase (1930) it was suggested by Giblett (1932) that the

energy of eddies having various time periods could be represented

by an"energy spectrum". Some attempts were made by Schmidt

(1935) to define the high frequency end of such a spectrum.

The concept of the power spectrum was defined more scient-

-ifically by Taylor (1938) who suggested that it could be

resolved into harmonic components and that its integrated value,

a could be regarded as being the sum of contributions

from all frequencies (n) .
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He defined,

S Sen dn =i

where S(n) , the power spectral density , represents the energy

between (n) and (n+4n). ‘The high frequency end of the

spectrum was defined by Kolmogoroff (1941) and shown to obey

his similarity law such that ,

yy.

nS) oN

The validity of the work of Taylor and Kolmogoroff was checked

by the experimental work of Dryden (1943) who measured the power

spectra of wind tunnel turbulence .

The shape of the spectrum was eventually defined by Von

Karman (1948) in a form which has not been notably improved

on , namely :-

Sm) = OS CRTT
where K = eaen)

uw

It was , at this stage , generally agreed that the greater part

of the turbulent energy was contained in the low frequency range

i.e. in the large eddy sizes . The energy transfer processes

through the complete turbulence spectrum were later defined in

physical terms e.g. see Priestley and Sheppard (1952).
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From measurements at Brookhaven , Panofsky and McCormick

(1954) defined some of the characteristics of the longitudinal

ae vertical spectra . In particular they showed that the
turbulence scales of the longitudinal component were much greater

than those of the vertical velocity component ; both spectra were

shown to be similar at high frequencies . The longitudinal

spectral shapes were shown to be similar for flows over terrains

of different roughness and generally it was implied that the eddy

size of the vertical component increased with increase of

distance from the ground .

Panofsky and Van der Hoven (1955) showed that there was a

spectral gap at a period of about one hour which conveniently

separated the mean and turbulent motions of atmospheric motions

in the micrometeorological range . Deland and Panofsky (1957)

showed that the longitudinal spectra were invariant with height

and suggested that the vertical spectrum shape could be

represented by ,

£S.(f) = ao
where f= "26

Eventually a complete spectrum of the longitudinal velocity was

presented by Van der Hoven (1957) which covered the micro and

mesometeorological ranges . This is now the classical spectrum

represented in most papers which refer to the atmospheric boundary

layer . It showed that averaging periods of say 15 to 30 mins.

should be sufficiently long for measurement of representative

mean values .
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It was also suggested , in the paper,that the spectral gap

occured at higher frequencies in flows over rougher terrain .

The important point here being that this implies a reduction

in the scales of turbulence for flow over an urban area .

Most of the data confirmed that the slopes of all the spectra

were approximately -5/3 at the high frequency end , in agreement

with Kolmogoroff's theorem , and it was also verified by flight

measurements of the spectra by e.g. Notess (1957) (1959) ana

Henry (1959) . Most of the relevant spectral data was summarised

by Panofsky and Deland (1959) and it can be concluded that the

spectral forms of the longitudinal and vertical velocity components

had been established at this stage .

2.4.7. The cospectrum of the Reynolds stresses .

The relevance of the Reynolds stress: cospectrum , in the

context of defining the Earth's boundary layer , is that it

indicates the frequency band in which these stresses are of

importance .

Some of the earliest discussions on the cospectrum are

included in Panofsky and McCormick (1954) and Panofsky and

Van Der Hoven (1955) while Deacon (1955b) showed that the majority

of the co-spectral energy was contained in the range ,

nw

o-.o1 = GZ<s1:0
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@ point which has been adequately verified by recent measurements.

In a general discussion of the characteristics of spectra ,

Deland and Panofsky (1957) suggested that , in the case of the

cospectra , there was an increase of energy at low frequencies

and a decrease at the high frequencies with increase of height

above ground level . Panofsky and Deland (1959) further showed

that there was a rapid decrease in the energy content of the

cospectrum in the same frequency range at which there was very

little low frequency energy in the spectrum of the vertical

velocity component .

It can be concluded that insufficient data is available at

this stage in order to clearly define the form of the cospectrum.

2.4.8. The length scales of turbulence .

The length scales of interest are those that define the

mean size of the largest eddies in the flow . It has been

indicated previously that the majority of the turbulent energy

is contained in these eddies ; hence it can be assumed that it

is of some relevance to establish their size in relation to say

the depth of the boundary layer .

The mean eddy size , in the longitudinal direction (tu,.)

seems to have been assessed initially by Taylor (1915) as being

of the order of 70m.(230 ft.) at a height of 10m.(33ft.) . At

a similar height , extrapolation of more recent data would



194

suggest a value of the order of 90m. (295 ft) which agrees

remarkably well with Taylor's original estimate . He also

deduced that the mean eddy size increased with increase of

height above the ground for the simple reason that "they have

more room to grow" . His later work , Taylor (1920) on the

concept of correlation measurements , showed how turbulence

scales could be determined from the following definition ,

oo

ee [Re at

It also showed how a regular eddy pattern in a flow could be

distinguished from such data . Most of the later measurements

of length scale supported Taylor's deduction regarding the

increase of length scale with height , e.g. Giblett (1932) gives

we as about 120m. (400 ft.) at a height of 15m. (50 ft.).

At this time , one of the few values of the vertical scale of

turbulence ( Lay ) was determined by Schmidt (1935) as being

of the order of 15m. (50 ft.) at heights of less than 6m. (20ft.).

Taylor (1938) showed the relationship between power spectra

and the correlation coefficients for isotropic turbulence as ,

oe Ps
nO 8 aocReo ( Sen) Cos B= dm and Sm = 7 [Rac * a dx.

where Rx = Correlation coefficient , and S(n) = Power spectral
density

— Hence when x = 0, the mean largest eddy size is défined as,

a [sem]... = 4 [Re dx,
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The next significant length scale measurements were those

of Shiotani and Yamamoto (1948) who determined ,

WSm <= Lids 107

ie (250 to 350 ft.)

for heights up to 50m. (165 ft.) in rural terrain . They also

quoted a value of the order of 100m.(328 ft.) for urban terrain.

The flate-plate boundary layer work of Laufer (1950) suggested

that the length scales should increase with increase of height

up to about 0.40 - 0.60 of the boundary layer height . Various

other authors obtained an assortment of length scales at this

stage e.g.

m ft. Iu, (m) (£t.) Source

2 (6.6) 11.5 (38) Sheppard (1952)

2.5(8.2) 12 - 18(39 - 59) Cramer (1952)

10 (32.8) 30 (100) Shiotani (1953)

35 (215) 70 (230) Webb (1955)

From collected data Webb (1955) suggested ,

os

Lux oS 4

0.4
more recent literature suggests y 3 this point will be

discussed more fully later . Shiotani (1953) also suggested

that the form of the eddies was such that ,

Lu > Lu Pa Lu
x y a:

in the lower section of the boundary layer . A conservative
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extrapolation of the measurements available up to this time

suggested that Lux should be of the order of 200m(660 ft.) at a

height of 100m. (328 ft.) .

Other values of the length scale Lu, » at various heights ,

can be extracted from e.g. Priestley (1952) , Robinson (1953),

@aylor (1955) and Hay and Pasquill (1959) . It can be concluded

that the law proposed by Webb (1955) applies roughly to most

data . However it is assumed that the variations in the length

scales at the lower heights can be attributed to non-similarity

of the suface roughness at the various sites considered . Since

it has been assumed that the height of the boundary layer can be

taken as 600m.(2000 ft.) , it can be seen that the mean eddy

sizes are of a similar order of magnitude some distance from the

ground .

2.4.9. The probability density distribution of the fluctuating

velocities .

From the point of view of mathematical analysis it is of

some convenience to be able to express the proodility density

distributions of the fluctuating velocities in terms of a normal

or Gaussian distribution . Generally it was found that most

measurements cover a range of about + 3 7 and any observations

made will apply to this range . Outside this range , to date ,

there is insufficient evidence to define the form of the distribution.
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Some of the earliest measurements of the probability density

distributions were by Giblett (1932) - Later measurements were

presented by Shiotani (1950) , Cramer (1952), McCready (1953) and

Sutton (1953) . Although many of the distributions , measured

in adiabatic conditions , had some degree of positive or negative

skew there is no consistent bias one way or the other .

Measurements made by Press (1957) indicated Gaussian distributions

up to "moderate" values of the standard deviation , however , at

extreme values the measurements varied from that predicted by

the Gaussian distribution .

In conclusion , it is reasonable to assume that the

distributions of the fluctuating velocities are approximately

Gaussian to say + 30 . ‘Since the available data apply to

rural terrain it must be assumed that urban distributions are

likewise Gaussian .
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2.5. Proposals for the final analysis based on the interim

assessment .

All of the quantitative data from the period considered is

presented in JAppse 1 . Some of the data has also been presented

in Fig. 37 as it applies roughly to the various types of terrain

specified . i.e.

1. Smooth : s- Ice, snow , concrete and mud surfaces.

2. Moderately Rough t- Rural terrain,

3. Rough t- Suburban and wooded,

4. Very Rough 3- Urban .

This figure shows where the gaps occur in the existing

information . Additionally , from the point of view of defining

the flow structure of various types of terrain , it is seen that

it is onhy possible , at this stage , to define the " order-of-

magnitude-range " of the quantities required . Hence this data

needs to be added to in order to provide the basis that is

needed from which the boundary layer characteristics of any

terrain likely to be considered can be defined accurately .

However it is possible to propose the form that the final

presentation of the data should follow .

It has been shown that some attempts have been made to

define the structure of the boundary layer . Information on this

point is relevant , in as much as it may influence the method of

approach to the simulation of an atmospheric boundary layer ,

and will be noted whenever it occurs in the literature .
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The wide range of indices suggested for "rural" velocity

profiles suggests that this quantity may be very sensitive to

changes of roughness in this particular range of roughness lengths .

Therefore , it may be more practical , if possible , to present

intensity of turbulence as a function of the roughness parameter

in addition to the power index as a function of the same quantity

(ye) + From Lettau and Davidson (1957) is obtained ;

Since ,

re” hgioe je Se

Then,

aE 7 bee HK,

R a

ae CF = Ae bege Su,

ee ees Boge Wy,

Hence the turbulence intensity can be determined as a function

of the roughness length for adiabatic conditions provided that

the semi-empirical constants A, B and C can be determined . It

can be assumed that the above expressions apply only in the lower

layer of the flow i.e. say ,

Oo eel yet ns
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They will clearly not apply at heights greater than 0.4 or 0.5

of the boundary layer height where flat-plate data show that the

turbulence tends to become isotropic . This is also convenient

since it can be seen that the majority of the turbulence measure-

ments have been made at heights less than 50m. (165 ft.) and even

more recent measurements rarely include greater heights .

Therefore the proposal for the final analysis is to define both

quantities as a function of the roughness length i.e.

Vee.

(Wey, ee
and,

[y= 30m

for the range of terrains (1 to 4) specified above . The relevant

anticipated range of roughness lengths should be,

0.00lmH s %y 10m.

or neglecting the smooth surfaces , which are not of great

importance ,

0.0lm = v5 = 10m.

From flat-plate data the form of the variation of turbulence

intensity with height can be predicted and the ratio of the

turbulence components to each other can be deduced or derived

empirically from the constants A, B and C . It is assumed that

the expressions containing these constants will also apply to the
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rougher suburban and urban terrains . Therefore , provided

that sufficient data can be aquired , the mean and fluctuating

quantities of a boundary layer should be definable , on the above

basis , if say , one quantity is known for any particular site .

Similarly it showld be possible to present the Reynolds

stresses as a function of any of the above quantities at some

reference height .

It can also be deduced that the form of presentation of the

power spectral densities is dependent on the derivation , from

measured data , of semi-empirical constants in the case of all

three fluctuating components . Perhaps the most important

point to date regarding the spectra is the suggestion that the

power spectral shapes are independent of roughness ; hence their

variation with height need only be considered .

The remaining quantity of importance that needs to be

defined more accurately is the length scale of the turbulence,

as a function of both height and roughness length . The form

of presentation to be adopted will beamore refined version of

that given by Webb (1955) , i.e.

lye ~ ta %s

Neglecting atmospheric equilibrium effects , it is clear that

some of the scatter of the results to date is due to the

variations of the length scale with roughness length . Hence
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the boundaries illustrating the various roughness ranges will

be included in the abo¥e type of presentation , dependent on the

availability of sufficient data . It is also suggested that the

laws governing the variation of the length scale with height may

vary for the following height ranges (assume intermittency to

occur aty $0.53),

(ay 40 = y SS 50m. surface layer

(>) 50m es y = 0.4 intermediate layer

(ce) 0.4: s yO =a intermittency layer

However it can be assumed that at some height the roughness

effects will be reduced such that one law may be sufficient

for say layer (b) i.e. the effects of roughness on length scale

may be negligible in this height range .

With the above form of presentation , the more important

boundary layer characteristics of a site could be defined from

a knowledge of say the roughness length of that particular

site .

As stated previously , since the previous text has provided

an adequate backround to the foundations of boundary layer

meteorology , it is intended to present the data of the 1960 to

1972 period mainly in tabular form , Appendix 2. When relevant ,

comments , either on the accuracy , applicability or originality

of the data , will be made in the following brief form :-
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(a) Author(s)

(bv) Date

(c) data

(a) Comments

This form of presentation is also clearly necessary if the

relevant data from the extensive amount of literature from this

period is to be considered .
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2.6. Review of data from the period 1960 - 1972 -

The main data from , and developments in , this period

are extensively tabulated and commented on in Appendix 2. The

following text mainly emphasises the more important points and

data relevant to this period .

2.6.1. The flow structure .

The amount of data obtained from this period concerning

the detailed structure of the atmospheric boundary layer flow

is not very great and as a result a complete final picture does

not emerge .

It was concluded in the analysis of the previous period

that eddy length scales increased with increase of distance from

the ground . In this context Blackadar (1962) assumed that they

increased in proportion to Rey close to the ground and

approached fixed values higher up in the boundary layer (i.e. for

y > 200 - 300m.) . Faller (1965) suggested that the large

eddies in adiabatic flows resulted from shear instabilities in

the main flow ( Cf. Durst 1932) and that they moved relatively

slowly in the mean flow , having vertical velocities of the order

of 0.10 Wen + It was also shown (Panofsky and Singer 1965)

that the upper parts of the boundary layer eddies were downwind

of the lower parts , due to the vertical wind shear , and had

slopes of the order of one .
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Again , as in the previous periods considered , some

important points concerning boundary layer structure have come

from work on flat-plate boundary layers . For example , Kline

et al (1967) showed the presence of secondary vorticity (i.e. the

large eddies proposed by Townsend 1957) in the lower part of the

boundary layer . It was suggested that the action of these on

the spanwise vorticity formed wall streaks . The resultant

ejection of fluid from the wall region was considered to be the

main mechanism for turbulent transfer between the inner and

outer layers (Cf. Schmidt 1935) . They also showed that

intermittency occurred in boundary layer turbulence for Ye >o-40

(cf. Corrsin , Kistler 1954) , in which case the turbulence scales

could be expected to decrease above this height. In contrast

to this the work of Tritton (1967) did not verify the existence

in the boundary layer of the large eddy structure proposed by

Townsend . It was suggested that the separate descriptions of

large eddies for inner and outer layers may be inappropriate .

Bradshaw (1968) suggested that the large eddies are in fact of

the same order of magnitude as the boundary layer thickness .

He agreed with Faller (1965) concerning the origin of the large

eddies and that they consisted of a slow rotational drift of

fluid having 7 € O-1Dam.

Panofsky (1969) pointed out that the boundary layer flow

over the sea produced very large longitudinal eddies near the

ground and suggested that over rough ground such eddies are

likely to be broken up ; this point will be considered in more

detail in SECTION 2.6.8.
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It can be seen from the above that very little information

was obtained on details of the boundary layer flow structure . ¥

Generally the main points that have emerged , or been verified ,

are that large scale motions exist in the boundary layer (i.e. the

existence of large eddies ) whose orientation is a function of the

shear in the mean flow and whose degree of rotation is relatively

slow . The extent of the effects of surface roughness on these

eddies is noted and will be discussed in SECTION 2.6.6.

2.6.2. The mean velocity profile and the boundary layer

height .

Assessment of the data from the period 1880 - 1959 has

shown the validity and relevance of applying either the log-law

or power law to describe the variation of the mean velocity with

height in the atmospheric boundary layer . It has been shown

that attempts to derive a power law-index from mean velocity

measurements below a height of say 20 - 30m. (66 - 100 ft.)

clearly results in over estimates of this index ; this is also

adequately illustrated in the data of APPENDIX 2. It was

decided in SECTION 2.4.2. to use the power law , in this work ,

in defining the mean velocity profiles of the boundary layer .

Therefore the review of the relevant data from the 1960 - 1972

period has consisted mainly of classifying and re-analysing

existing data in order to obtain the power indices for various

types of terrain from various sources ; in particular the urban

data are of most interest .
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With regard to the boundary layer height , some additional

data are included in APPENDIX 2 and in particular the height

adopted for the constant shear stress layer is modified by more

recent data .

As can be seen from APPENDIX 2 a considerable amount of

data on the power indices for various types of terrain was derived

from the period 1960 - 1972 . With regard to suburban and urban

areas Davenport (1961b , 1964 and 1967 ) in particular has

specified indices of the order of 0.28 and 0.40 respectively for

these areas ; the most recent data suggests 0.36 for an urban

area . However Shellard (1963) suggested that these high indices

were neither realistic nor representative of urban areas . The

most recent data (ESDU 1972) again suggested 0.35 as being

representative of an urban area . In contrast , it can be seen

from APPENDIX 2 that the majority of the urban data available

and assessed here suggests farily conclusively that ke for a

typical urban area should be of the order 0.28 - 0.30 . This

would suggest that appropriate power indices for the various

terrain types can only be determined by considering all of the

available data , which has been the object of this review. An

index of value 0.28 has been suggested for suburban areas ,

however the data presented here suggests a value of the order

Oni =jOvoRes

With reference to the boundary layer height it was seen

in SECTION 2.4.2. that for rural terrain a boundary layer height

of the order of 600m.(2000 ft.) was considered to be reasonably
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reliable . However Davenport (1961b) suggested that this height

was a function of terrain type and proposed , e.g. a value of

274 m. (900 ft.) for rural terrain . Although no reference

was quoted for the values proposed they appear to be very simblar

to those quoted by Pagon (1935) 3; these values , being based on

doubtful theoretical assumptions , are not reliable . In any

case , the value of 274 m (900 ft.) suggested for a rural

boundary layer is not supported by any previous meteorological

data . In the same context Blackadar (1962) suggested that the

boundary layer height was affected very little by changes in

terrain roughness and this was further supported by Shellard

(1963) who assumed a mean boundary layer height of 500m (1650 £t.)

In addition , Shellard's (1967) data showed that the height of

rural terrain boundary layers must,at least , be in excess of

300 - 400 m.(1000 - 1300 ft.) Hanna(1969) reviewed the many

methods available of estimating the boundary layer height for

various atmospheric equilibrium conditions . For adiabatic

conditions he generally found the boundary layer height to be of

the order 500 - 700 m. (1650 - 2300 ft.) . Theoretical estimates

from the data of Smith (1970) gave heights of the order of 800m.

(2600 ft.) . Finally , Pasquill (1972) suggested that the mechan-

-ical production of energy tended to approach zero at a height

of 600m. (2000 ft.) and therefore , for adiabatic conditions ,

it seems reasonable to assume that his height should coincide

with the top of the boundary layer .
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The 1880 - 1959 data has shown that generally the constant

stress layer was assumed to be of the ordér of 10 - 50m. (33 -165ft.)

high . However , Byzova (1963) suggested a height of the order

75 m. (250 ft.) and Soma (1964) a height of at least 200m.(660ft.)

for an urban area i.e. the log-law can be expected to apply over

a greater height range for urban areas and hence it could be more

difficult to establish a representative power law for such

terrain . The above findings were further supported by Yamamoto

and Shiotani (1964) and by Lappe (1965) who suggested that the

log-law could be applied up to a height of about 140m.(460 ft.)

and was also more applicable as the terrain roughness increased.

Constant stress layer heights of the order of 100m. (330ft.)

were also suggested by Delend and Binkowski (1966) , Estoque

(1967) and Panofsky (1969) . By assuming the constant stress

layer to apply up to heights of the order of 200m.(660 ft.)

Blackadar and Chaplin (1967) produced a modified version of the

log-law which effectively linearised logy ~& data outside

the true constant shear stress layer ; the practical use of this

theory is considered to be doubtful in some applications . It

was also suggested by Davenport (1967) that theoretical approaches

towards defining the mean velocity profile of the boundarylayer

must be considered to be suspect because of the assumptions

involved in their development . Finally , and more recently ,

Panofsky and Petersen (1972) suggested that the log layer could

be assumed to have a height of the order of 100m. (330 ft.)



210

It can generally be concluded that sufficient data has

now been tabulated in order to define the true variation of

with terrain type . There is also sufficient justification for

adoption of a value of 600m. 2000 ft.) as the mean value of rural

and urban boundary layer heights . In addition , the height of

the constant stress layer can be taken as 100m (330 ft.) and will

be in excess of this for flow over urban terrain .

2.6.3. The roughness length .

The range of roughness lengths covering flat to rural

types of terrain was generally established from the data of the

1880 - 1959 period . In the same period however , comparatively

little data was available for suburban or urban areas and what

there was , was inconclusive . In the period considered here a

great deal of data was available (APPENDIX 2) on these terrain

types from which they could be defined adequately .

Some of the more interesting points are noted in the

following text with reference to the roughness length data in

general . Panofsky et al (1960) derived some estimate of the

variation of the roughness length with fe » which are

considered in a later section , and Jensen (1961) classified the

roughness length cya) and the displacement thickness (d) as a

function of vegitation height . In the case of forests Rauner

(1961) proved that Yo was a function of wind speed ; the change
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of roughness can be attributed to the fact that at higher speeds

the wind penetrates through the trees more . He also determined

the relative roughness lengths of a forest with and without

foliage . A further estimate of Yo asa function of terrain type

was suggested by Davenport (1963) .

The work of Oliphant and Panofsky (1965) illustrated a

point of interest when determining the roughness length of the

Brookhaven site . Their data showed how two separate estimates

of Yo could be made from the same site measurements . It can

be assumed that one estimate was appropriate to the local flat

ground and the second one to the trees just upstream ; data from

both estimates were used to obtain a mean site roughness length.

Barry (1966) indicated that it was possible to obtain wide

variations in the value of y estimated for sites . The data he

assessed however was - taken over a very restricted height range

and Hence his conclusions are not taken to be completely reliable.

It is also considered that large errors are possible in the

estimates of V5 made by using the modified log--law proposed on

a theoretical basis by Blackadar and Yhaplin (1967) ; this is

pointed out later when considering Harris (1972) and ESDU(1972).

When there are variations in the local terrain it is

clearly essential that vs should be defined as a function of

wind direction , see e.g. Fichtl (1968a) who analysed such data

for the Kennedy Space Centre . With regard to urban areas ’

Munn (1968) drew attention to the problem of determining realistic

roughness lengths and pointed out the importance of choosing
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measuring sites which were not influenced by local effects . It

was also generally confirmed from data of this period that the

roughness length was reasonably independent of atmospheric

equilibrium e.g. Blackadar et al (1969) .

Lettau (1969) showed how the roughness length was a

function of the density distribution of roughness elements and

this point was treated in some detail by Wooding et al (1969) ;

however the effect of fetch was hot considered . Both of these

quantities are considered to be of importance in the definition

of suburban or urban areas . Helliwell (1970) presented further

data on the variation of Vo with terrain type ; in this case

the urban Yo of 0.78 seems particularly low and is considered

to be more appropriate for a suburban area . The data of Harris

(1972) and ESDU(1972) quote very low roughness lengths for the

terrain types they define (see APPENDIX2) and this is considered

to be due to the use of the modified log-law derived by Blackadar

and Chaplin (1967) .

Finally , the particular points that can be made based on

the extensive data of this period are that the roughness lengths

for suburban and urban areas are of the order lm. ( 3.3 ft.)

and 2-3m.(¢-G ~!O0 ft.) respectively . Clearly , there

is also now available an adequate amount of data from which to

specify the roughness lengths of all the terrain types specified

in FIG. 37 .



a3

2.6.4. The Reynolds Stresses .

Assessment of the data from the 1880 - 1959 period showed

very generally the probable range of Reynolds stresses for rural

terrain . However , very little data was available for suburban

and urban areas . There was also a considerable amount of scatter

in the measurements assessed .

The same comments can be applied to the Reynolds stresses

obtained from the 1960 - 1972 period with the addition that the

scatter in the data apparently increases as the roughness length

increases . This seems plausible since larger roughness elements

would be expected to produce greater variations , locally , from

@ mean value of the Reynolds Stress .

The more relevant points from the data of this period are

as follows . For rural terrain the Reynolds stress range can be

defined more accurately as :-

ust
0.0020 < Une. S ooees

and for sea as :-

uivt
. » o.ceooG©-S0e3 Ss Wea Ss

[ Ges is assumed to occur at y= SB =600m.(2000 rt.)
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For rougher terrain , the data of Davenport (1964)

normalised with respect to the free stream velocity indicated

that We aa decreased with increase of rough-

=-ness length in the range appropriate to urban terrain ; however

no reason can be suggested as to why it should decrease . For

roughness lengths of the order of lm. the available data show

that tenn, is still increasing . Soma (1964) showed
that for an urban area the constant stress layer extends to a

height of about 200 m. (660 ft.) .

Pasquill (1970) showed from accumulated data on the

Reynolds stress that it increased with increase of roughness

length up to at least Im. (3.3 ft.) . He also showed that the

variation of the Reynolds stress with roughness length was not

very sensitive to variations in Wise - From Pasquill

(1970) , by extrapolation , and Smith (1970) the ratio of urban

to rural stresses can be determined as :-

1.46 #0 1.56

(for ¥5 18 of 2.5m.(7-5 ft.) and 0.10m. (0.33 ft.) respectively)

On the above basis it was assumed that the existing data

could be extrapolated justifiably to roughness lengths

representative of urban areas .
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Bebe. The intensity of turbulence .

The general range of turbulence intensities at heights of

the order 20 - 30 m. (66 - 100 ft.) , for both rural and urban

terrains , were generally established from the review of the

1880 - 1959 period . These data were considerably added to from

the literature reviewed in the 1960 - 1972 period (APP. 2) and

generally confirmed the values of the turbulence intensity , at

the reference height ehosen , for the various types of terrain

previously defined . In addition , some points of further interest

were established as follows .

It had been shown , to some extent , in the previous

period that the variations of the turbulence intensities with

height were comparable to those of flat-plate boundary layers ;

the atmospheric data however was available only for restricted

height ranges. The above was additionally verified by the work

of Swanson and Cramer (1965) where both the longitudinal and

lateral intensities of turbulence were shown to decrease with

increase of height for all thermal stratifications . Pritchard

(1966) showed that WA was approximately constant
with increase of height up to about 370m. (1200 ft.) and assumed

the turbulence to be approximately isotropic at this height and

above . The turbulence was assumed to be isotropic above a

height of 200m. (660 ft.) by Moore (1967) who also showed that

we decreased with increase of height up to about 500m.

(1000 ft.) . The data of Harris (1972) also showed that io

was not invarient with height in the height range considered .
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The use of the empirically derived expressions :-

©ie ahs SSA 2B, W%.- S

with the log-law for the velocity profile law , was extensive in

order to obtain estimates of the turbulence intensity . Such

estimates were shown to be reasonably reliable where sufficient

information was available so that the estimates could be compared

with measured data ; these data were mainly available for flat

to rural terrain types (APP.2) . In addition Lumley and Panofsky

(1964) suggested that such estimates were accurate to at least

20% - Concerning the values of the constants A, B, and C in the

above expressions , Lumley and Panofsky (1964) suggested that

they should be independent of height but may be dependent on

terrain type . It is assumed here that the independence with

height can only apply in the constant shear stress layer where

it can also be assumed that tr etc. are also reason-

-ably invariant with height . The dependence of 'A' on terrain

type or roughness length , was shown to some extent by the

work of Zubkovski and KravchenkO (1967) who showed a decrease

of 'A' as J6 increased . Therefore at "high" roughness lengths

the above expressions can be expected to over estimate the

turbulence intensities . Panofsky (1969) again pointed out that

'A' and 'B' showed systematic variations from site to site which

suggested that large roughness affected tneir behaviour .

Teunisson (1970) estimated the variation of the turbulence

intensities through the total boundary layer depth using these
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expressions . However , as indicated above , they can only be

considered to apply in the constant stress or log-layer of the

boundary layer .

The values of 'A' , 'B' and 'C' have been assessed from

the reviewed data to be,

(ey 2s Isy_- AISEY IX = 12s
<

from which :—

SE 2 O7S , Ivy F-Oso

which values are also substantiated by the data reviewed .

2.6.6. The power spectral densities .

The basic expressions defining the power spectral density

shapes of the longitudinal and vertical fluctuating velocities

were established in the 1880 ~ 1959 period by Von Karman and

Panofsky respectively . Generally , the limited amount of data

available showed that the spectral shapes were not significantly

altered by change of terrain roughness . There was a considerable

increase in the measurements of power spectral densities and

their analysis in the 1960 - 1972 period ; the more interesting

points from these data (APP.2) are noted in the following text .
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The work of Davenport 1961 , (v) lead to a revised

expression for the longitudinal spectrum :-

x erat

ne bO: eG ee Sn Gos, Se)

from which can be derived ,
Ya

fi, = 24s (4. )(%,)

This form of the spectrum however under-estimates the energy in

the low frequency range and therefore does not agree completely

with full-scale spectral measurements . The invariance of the

spectrum with height was also assumed here . The applicability

of the Kolmogoroff -5/3 law in the inertial subrange was adequate-

-ly demonstrated by Pond (1966) from measurements over the sea ;

it was shown to apply down to VG of about 0.0025 . In

general the various power spectral measurements showed that this

law was applicable down to much lower frequencies than expected.

Further data presented by Davenport (1967) established that the

spectra measured over rural and urban terrain were basically

similar . From measurements over flat terrain Elderkin (1967)

determined that the -5/3 law applied down to Me of about

0.009 . Therefore this and other data suggested that the range

of frequencies over which this law applied was a function of

terrain roughness . This seems plausible , since for increase

of the roughness length some re-distribution of energy can be

expected to occur . Singer et al (1967) established the invariance

of the longitudinal spectrum with height i.e. the fact that the
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peak value of ee is independent of height . Spectral

measurements over the sea by Busch and Panofsky (1968) showed the

presence of more low frequency energy than for similar measurements

over land ; this was given some support by the data of Shiotani

(1968). Another form for the longitudinal spectrum was proposed

by Harris (1968) :-

= né

(2 +3c fare i. 2 toteSulm) ob

This is basically the shape proposed by Von Karman (1948) .

Another form for this spectrum was given by Fichtl and McVehil

(1969) as follows :-

Se i

Mout s om Geo se Ker fy

Cee ee ena a)!

However , it was suggested by Panofsky (1969) that , due to the

wide variation in spectral shapes , the application of any

empirical spectral form to a particular site could only be

approximate . Pasquill (1970) recommeded the use of a more

simple spectrum expression which applies mainly to the inertial

sub-range and for y S 100m. (330 ft.) :-

yy

ASLO) 0.2¢(nz)
Son tan aaa va

Use

He suggested that at low frequencies the power spectral densities

are too variable to define accurately ; a possible explanation

for this variability was given by Owen (1971) . However , in
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practice , the Von Karman or Harris spectrum is the form more

often referred to and applied .

There are fewer data available on the power spectral

densities of the lateral velocity . Elderkin (1967) showed

that the -5/3 law applied to some extent in the inertial sub -

range and Singer et al (1967) showed that the lateral spectrum

was intermediate between those of the longitudinal and vertical

velocities . The latter point was also adequately shown by the

data of Fichtl and McVehil (1969) . Panofsky (1969) suggested

that these spectra should be invarient with height as were the

longitudinal spectra .

In the case of the power spectral density of the vertical

velocity , the form proposed by Panofsky and McCormick (1960)

was basically similar to that proposed by Deland and Panofsky

(1957) which showed that h this spectrum is height dependent .

At other stages in this period (1960 - 1972) various other

spectral forms were propgsed , mainly by authors concerned with

the analysis of vertical gust loads on aircraft e.g. Zbrozek

(1961) and Lappe (1965) . Elderkin (1967) established the peak

value of Sy to be of the order 0.40 (or peak Ve

in the range 0.06 - 0.13) as compared to 0.03 for longitudinal

spectra . This implies that the majority of the energy , in the

case of the vertical spectra , is at higher frequencies .Kaimel

and Haugen (1967) established that peak Ya values lie in

the range 0.15 - 0.35 ; they also showed the spectra to be height
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dependent i.e. the peak frequency decreased as distance from the

ground increased . This implies that as the effect of the ground

proximity decreases the vertical extent of the eddies can increase.

Alternatively , if the data are presented as a function of

my ; 4 if= ie then f will increase with increase of height .

Eventually Busch and Panofsky (1968) presented a slightly

modified version of Panofsky's previous spectrum form ;-

y
0S. fe Lo7s “fm

e > MERTEN AES t S/a

We V+ 1s ( 5.)

where for adiabatic conditions fm = 0.32. This is the vertical

spectrum form most commonly referred to in the literature .

Finally , the most recent spectral data for longitudinal,

lateral and vertical spectra was presented by Kaimel and Haugen

1972 . From their paper it can be seen that the proposed

spectral forms agree reasonably well with the full-scale data

considered . These expressions having appeared only lately in

the literature have not been completely assessed but are , however

referred to here for completemess of the survey .

2.6.7. The cospectrum of the Reynolds stresses .

Comparatively little information was derived from the

1880 - 1959 period on the properties or form of this cospectrum.

The 1960 - 1972 period however produced enough data from which

it could be adequately defined , at least over a restricted

height range .
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The first relevant data from this period were presented

by Monin (1962) who confirmed Deacon (1955) that the majority of

the stress contribution lay in the range :-

O.1o < £ s 1:0

and this was again further verified by Elderkin (1968) . The

majority of the available data for heights less than about

50m ( \GS_ ft.) were analysed by Panofsky and Mares (1968).

They derived an expression for the cospectral shape as follows:-

nsuM Yam—_=—_- 5 ame ty
We (Co a3)

where fm (peak Se ) was taken as - 0.08 for adiabatic

conditions . This quantity hawever is subject to a large degree

of scatter and lies in the range :-

-oos< f. 3-012 (at least)

Their data also suggested that the majority of the stress

contribution is in the range :-

oo1xf<ito

The more recent data of Miyake et al (1970) and Sitareman

(1970) showed that the cospectral slopes at the high frequencies

generally followed Kolmogoroff's - 5/3 law and the shapes were

consistent with the form proposed by Panofsky and Mares .

This is the cospectral form more generally used although its
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applicability for heights greater than about 50m.(165 ft.) has

yet to be verified .

The more recent data of Kaimel and Haugen (1972) suggested

the following cospectral form :-

TeSentn) af

ie Cissae oe

however , as in the case of their recently proposed spectral

forms , the above has yet to be verified in practice .

2.6.8. The length scales of turbulence .

The data on the length scales of turbulence from the

1880 - 1959 periaiwere mainly very generalised data although

Webb (1955) managed to derive :-

Nae ob yy

It was also suggested that,

ieee ee eer >be

The length scale data from the 1960 - 1972 period were fairly

extensive (see APP.2) and the main points from these data are

presented in the following text .

The majority of the data avilable were concerned with the

length scale tu, and Pasquill (1961) showed that these could be
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derived from spectral measurements since :-

Lua = ea Cos
(or see Pasquill and Butler 1964)

This form is acceptable for correlation: curves having an

exponential form and in practise this is found to be the case

more often than not . The main difficulty can be in defining

the spectral peak . However , checking estimates by use of the

above expression against length scales derived from auto - or

space correlation data has shown its validity . From available

data Pasqill also deduced s-

lisa cr +

Blackadar (1962) assumed that Lux increased with increase of

height up to about 200 - 300m.(660 - 1000 ft.) and that it was

of the order of 100m. (330 ite) vat. greater heights . A review

paper by Singer (1964) suggested that the length scale in the

vertical direction was given by :-

Lge ame Wee.
sae

From the data of Berman (1965) it can be shown fairly conclusively

that Ane decreases as the roughness length increases .

This fact is also shown in other data of APP.2 . Berman also

showed that :-

aq

Law y
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whereas Panofsky and Singer (1965) gave :-

0 6G

lun @Y

In agreement with Pasquill(1961) , Zbrozek (1965) assumed that:-

eas coy

and suggested that it increased with increase of height up to

about 300m. (1000 ft.) . From fairly generalised data Pritchard

(1966) assumed that :-

ae = eer 213
Vn

He also assumed that these length scales were functions only of

height and thermal stratification , but pointed out that other

authors had assumed that greater roughness produced greater

length scales . Close to the ground it can be assumed that the

variation of eee, with height cannot be expected to follow

any of the above laws ; in this context Smith (1967) showed

that it decreased very rapidly near the ground . Additional

reliable data concerning the variation of Lux with surface

roughness can be deduced from Busch and Panofsky (1968) and yet

another law concerning its variation with height was given by

Fichtl (1968) as :-

ees P
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The work of Fichtl and McVehil (1969) suggested that Lux

decreased at heights greater than 100m. (330 ft.) and again

showed the validity of estimating Lux from :-

ano (ee
le Sent n /Pen«.

The review paper of Teunisson (1970) stated that change of rough-

ness length had little effect on Lae but that "large scale

non-uniformities " of the Earth's surface tended to increase

them . He coneluded that for heights greater than about 300m.

(1000 ft.) the length scales were independent of terrain type .

No reason was given for the wide scatter of the data below this

height . Again , in contrast to the above , the flat-plate data

of Antonia and Luxton (1971) showed conclusively that increased

roughness resulted in reduced length scales . The recent work

of Colmer (1971) produced another law associating the length

scale and height :-

+65

Cat ae ae

The semi - empirical theory of Harris (1971) predicted Lu

increasing as roughness increased (APP.7 ) and increasing in-

-definitely as height increased ; neither of these deductions

agrees with the measured data . Harris also assumed from

homogenous isotropic turbulence theory that :-

Leae Lay eos bud
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However the available data (see e.g. Shiotani 1967 , Deacon '71)

shows that more appropriately :—

\ogn es aoss oo Caw
S

and,

iu = o3- 04 eZ

It can be generally conluded , with respect to the length

scale jee » that it increases with height up to about

200 = 300 m. (660 - 1000 ft.) and decreases with increasing

roughness length . Hence the law governing its variation with

height will depend on the terrain roughness .

Some data were also available from this period concerning

the variation of the length scale , Liane » as a function

of height . One of the first assessments of this quantity was

contained in Pasquill (1961) who , from data from various sites,

derived :-

Le = osy

Lumley and Panofsky suggested Le. increased with height

up to 100 - 200 m. (330 - 660 ft.) and then remained constant with

further increase of height . This generally agreed with Pritchard

(1966) who gave Live as increasing up to a height of about

120m. (390 ft.) and then remaining constant up to a height of

about 370m. (1200 iy eeee The above again agreed with the data
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of Kaimal and Haugen (1967) who suggested that Lux should

either remain constant or start to decrease with increase of

height above 200m. (660 ft.) . For the height range 0 - 50 mn.

(0 - 165 ft.) Singer et al (1967) suggested that Lux increased

linearly with height and that at greater heights it increased

more slowly . This result was adequately supported by the data

of Panofsky (1969) . Finally a general review by Teunisson

(1970) gave :-

Lun =o 404

which was confirmed by the data of Warner (1972) °

The trends from the assessment of these data suggest

that these scales may not be excessively affected by changes of

terrain roughness and that the variation with height can be

taken as :-

Lun GY

2.50.9. GEE d. i distribution of the fluctuati

velocities .

The data from the previous period , 1880 - 1959 ,

generally indicated that probability density measurements in the

range + 30 were normal in form ; outside this range there

remained some doubt as to the form of the distributions .
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The data from the 1960 - 1972 period did not add consider-

ably to the above . The theoretical work of Novikov and Stewart

(1964) suggested that the probability distributions may vary from

the normal form , but no data were given in support of this .

However the measurements of Singer (1964) confirmed that the

distributions were normal , as did those of Davenport (1967) .

Finally Blackadar et al (1969) proposed normal distributions

for measurements in the range of £3 ; for greater € they

suggested that there was a greater tendency for a higher

proportion of larger gusts than indicated by the normal

probability density curves .

Hence the data of this period merely confirms the

conclusions made from data of the previous period (i.e. 1880 -

1959.) .
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3s Presentation and discussion of Adiabatic boundary layer

structure .

The reviewed data has given a general backround to the

Adiabatic boundary layers of the atmosphere . The completed re-

view shows quite clearly that there is an adequate amount of

information available from which the particular characteristics

of these boundary layers can now be established . It will be

made clear from the analysis that it was essential to consider

all of the available data in order to eliminate , as much as

possible , the effects of the various sources of error that

necessarily occur in many of the atmospheric measurements . By

this means the correct trend of the data as a function of terrain

type can be established . The quantity which is representative

of the terrain types is taken as the roughness length . This

quantity can readily be derived from available data or easily

measured on site .

It is suggested that the examination or assessment of just

a limited amount of selected data can lead to large errors in the

prediction of the flow structures over various types of terrain.

Therefore the data presented in this analysis represents , as

far as possible , all of the available measurements correlated in

the following manner :-

1. he Ss

2. (a) resis

fe Eee te

fe Vege YY
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As stated overleaf , data of this type , are subject to

numerous sources of error ; the more important of these are:notéd

as follows :-

(a) Inaccuracy due to instrument response or inertia ;

this would apply mostly to say pre - 1940 data .

(b) Insufficient and / or variations in the averaging

times used in obtaining the data .

(c) Thermal stratification not measured ; i.e. the possibil-

-ity of conditions other than adiabatic prevailing

or changing during a test or varying with height .

(a) Variation of mean wind direction with time during

averaging period .

(e) Measurements at low heights influenced by local effects,

topographical or otherwise .

(f£) Insufficient fetch for equilibrium flow to be established.

Data given in some literature can also have errors arising

from :-

(g) Non - allowance for zere-plane displacements .

(h) Over-estimates of the value of 4 from measurements

in the log - layer .

(i) Roughness lengths estimated from insufficient or

inaccurate data .

Many examples have been quoted in the reviewed data of

errors arising from these various sources ; clearly data quoted

specifically for unstable or stable conditions have not been
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considered here . However it is noted , that in practise ,

exact Adiabatic conditions , prevailing through the full boundary

layer height , may not be attained completely very often .

’

3.1. Analysis of the @ ~4. data.

All of the known available data for these quantities are

presented in Figure 63 . The roughness length scele has been

divided into ranges appropriate to the terrain types defined in

Figure 37 . When the actual velocity measurements were available

for any particular site , they were all analysed in the same way

to obtain the mean power law indices ( Va ) as follows .Power

indices were estimated from the ratios of all the pairs of veloc-

ity measurements at their respective heights and from these a

mean site power index was derived . In cases where some of the

measurements were made in the log - layer this method of analysis

reduced , to some extent , the amount by which the indices were

over - estimated . Therefore the resultant data were assumed to

be more representative of the sites . However for some of the

data it can be assumed that some degree of over ~ estimation can-

-not be completely avoided .

It can be seen from Figure 63 that the degree of scatter

is such that incorrect trends can easily be derived if insufficient

data is considéred . The amount of scatter also tends to

increase with increase of the roughness length . This is to be

expected since these data , in addition to being subject to errors

from some over-estimates of ha » Will be more subject to errors
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due to insufficient fetch being available , say in urban or sub-

urban areas , for equilibrium flow to be established . For

these reasons a regression analysis has not been applied to the

data of Figure 63 .

The proposed variation of te shown in Figure 63

is not a mean curve through the data but has been offset down-

wards to some extent . The degree of off - set was based gener-

-ally on those data from Appendix 2 which were considered to be

the most accurate and reliable . These data were taken tas key

points through which the proposed curve was mainly constructed .

A similar form of analysis was used in deriving the curves of

Figures 64 to 66. Clearly an analysis of this form can be con-

sidered to be subjective to some extent ; however it can be

assumed , that , because of the large amount of data considered

here , this effect will be minimal . Hence the curve proposed

in Figure 63 for the variation of 7a as a function of MS

‘is considered to be the most representative of all the available

data . The dotted lines which enclose this curve are suggested

as possible upper and lower scatter bands for the data . Data

outside these lines can generally be considered as unreliable .

Proposals , from other sources , for the variation of ZL

with Y, can now be considered and these are also shown

plotted in Figure 63 . It can be seen that the proposed curve

falls between the two more recent curves , i.e. those given by

Helliwell (1970) and ESDU (1972) , for terrain types 1 and 2 and
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some of type 3 . Generally the ESDU curve falls near the upper

scatter band limit and like the remaining curves over estimates

the power indices relative to the curve proposed here . For

Me > 0.10m. the curves generally lie outside the upper

scatter band of the data .

Theréfore considering the above points also , the variation

of the power index with roughness length proposed here is consid-

ered to be the most representative of all the data now available.

a Ce ges3.2. Analysis of the hom ~SYeo data.

All of the available data on these measurements are present-

ed in Figure 64 . The reference height of 30m. (100ft.) was

chosen on the basis that measurements made at this height should

be free from very local influences but still be representative of

the local terrain . The height of 10m. (33 ft.) sometimes adopt-

-ed in the literature is considered to be too low. For some

extemely rough conditions a height of 30m. (100 ft.) may still be

too low ; however it is assumed that most of such cases would be

outside the range of interest , in which case the above height is

a reasonable compromise .

The scatter of these data is considerably less than that

of the mean velocity measurements ; hence measurement of this

quantity at a site may prove to be the best quantity to obtain

in order that the other site characteristics may be deduced .
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The important point to be noted here is the similarity

between the proposed curves for the variation of the mean velocity

and turbulence intensity as a function of the roughness length i.e.

those two quantities are directly related from the data plotted .

Therefore if Vue is known , then the turbulence intensity at

the reference height is also known .

The estimated variation of turbulence intensity as a funct-

ion of roughness length is also shown in Figure 64 . This was

derived from :-

Ae aoe Aan %e

and it can be seen that this estimate over estimates the turbulence

intensity for y, > 0-10 m. (.33 ft.) ; this point was

emphasised in the review of the previous section . The above

expression was derived on the basis that :-

and therefore the data of Figure 64 verify the fact that this

"constant" should be reduced as the roughness length is increased

mainly for terrain types 3 and 4.

If the roughness length is in this range then the correct

value of this "constant" can be derived and therefore the turbul-

ence intensity variation in the constant stress layer can be

estimated . It has been previously shown that equations of this
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type apply only in this layer . From the reviewed data it can

also be seen that the lateral and vertical turbulence intensities

can now also be estimated in this layer .

Although more data is desirable for terrain types 3 and

4 , the proposed curve of Figure 64 is presented as being the

best representation of the available data .

uve.
3.3. Analysis of the ie rene data .

The data available on these quantities are presented in

Figure 65 . Generally date of this quantity ( wey )

are more often than not given as a function of the Rossby Number.

However as pointed out in the previous review , in most cases

variations of the Rossby Number mainly reflect changes in the

roughness length only . Therefore to preserve consistency with

the other data given here (Figures 63 to 66 ) the Reynolds

stresses are presented as a function of the roughness length .

In all cases the free - stream velocity (Dor Oi) has been

derived on the assumption of a boundary layer height of 600m.

(2000 ft.) .

It can be seen from Figure 65 , that in the case of the

Reynolds stresses the measurements are relatively few and that

they are subject to some considerable scatter . The former is

partly attributable to lack of reliable instrumentation until

recently and the latter due to experimental problems related to
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e.g. instrument alignment and positioning . It is also evident

from the data that incorrect trends can be deduced by being

selective in the literature considered .

It is considered that the data of Figure 65 is best

represented by a straight line . However this representation

is possibly open to doubt for roughness lengths greater than

about lm (5.3 ft.) where the data are scarce and probably not

too reliable . As for previous cases , the reliable stress

measurements have been used to determine generally the form of

the proposed curve .

Other forms for the variation of the Reynolds stress with

roughness length have been given by Davenport (1964) and Pasquill

(1970) . These are also shown on Figure 65 and can be seen to be

biased towards the lower range of the stress measurements ; on

this basis they cannot be considered representative of all the

data . There is also no apparent reason why the stress should

decrease at high roughness lengths as suggested by Davenport

(1964) .

In the case of the Reynolds stress there is an obvious

need for more data for terrain types 3 and 4 . However , until

more data become available , the proposed variation of Reynolds

stress with roughness length as in Figure 65 is suggested as the

best compromise based on the dataavailable .
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3.4. Analysis of the Lua ~ Ys data .

The available data on the length scale , ies » are

presented in Figure 66 (2), (b),(c), - Figure 66 (a) shows the

variation of Lage with height and roughness . Below a height

of 10m. (33 ft.) it can be assumed that the data will be subjected

to errors due to the effects of the local topography ; in this

height range it can also be assumed that the length scale

will decrease more rapidly with decrease of height due to the

proximity of the ground . Therefore the data are mainly consid-

ered in the height range 10 to 600 m. (33 to 2000 ft.) as shown

in Figure 6@b) . However it can be assumed that the laws describ-

ing the variation of lan with height could be taken to apply

with reasonable accuracy down to a height of about 5m. (16.5ft.).

In Figure 66) ee is plotted as a function of roughness length

at a reference height of 30m. (100 ft.) for consistency with the

data in Figures 63 , 64 , and 65 . This length scale is also

plotted as a function of Ve at various other heights in the

same figure .

The data are obviously subject to some degree of scatter,

but this is considered not to be excessive . The positions of

the curves of Figure 64)for the various values of the roughness

length were again based on the data , mainly from Appendix 2 ,

that were considered to be accurate and reliable . It was

assumed that these curves should tend to converge at some height

and that above this height Lu would be independent of the
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roughness length . This height was assumed to be in the region

where the intermittency factor began to decrease in value from

one (i.e. for % = 600m. at y = 240 m.), This height also

agrees with that suggested in the reviewed data which suggest:

that the length scale lay should increase with increase of height

up to about 200 to 300m. ( 660 to. 1000 L£t-) 4) This.

assumption also agrees reasonably well with the data presented

in Figure 656). Above this height the variation of Was with

height is mainly predictable from flat-plate data.

It was noted in the reviewed data that to date ei was

regarded as being independent of terrain roughness , and this is

shown here not to be justifiable . In addition , the empirical

theories of Davenport and Harris predict that bus increases

as the roughness increases and also increases indefinitely with

inerease of height ; again the reviewed and assessed data given

here similarly show that these predictions cannot be accepted .

On the above basis the variations of ase with roughness

length and height presented in Figure 66 (byand(c\are considered

to be the most consistent and reliable based on the data assessed

here, despite the lack of agreement with previous predictions .

With regard to the length scales Lug and lug. it has been

shown in the reviewed data that these can be derived from a

knowledge of a + he remaining Length scale of importance,

Asti, 5 and its variation with height have been adequately

established by other authors and it can be assumed that this
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length scale is reasonably independent of roughness length .

z3.5. @he power spectral densities in relation to the boundary

layer structure .

It has been shown in the reviewed literature that express-

ions have been derived which adequately define the forms of the

longitudinal and vertical spectra . In addition since lise

can now be defined for any terrain type , the position on the

frequency scale of the peak wave-length can now also be fixed ;

to date this represents the degree of accuracy to which spectra

can be defined . However , as stated in the reviewed literature,

the detailed spectral shapes at low frequencies should not be

considered as being accurately defined since the data from

various sites are subject to a large degree of scatter .

It can be seen from this analysis that the major part

of the boundary layer structure can now be expressed in a simple

mathematical form (Section 4) . This may also provide a sound

basis for a more sophisticated theoretical treatment of the

structure of Adiabatic boundary layers .
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4. Mathematical representation of Adiabatic boundary layers .

The mathematical representation of Adiabatic boundary

layers given here is the presentation of the data analysed in

the form of a series of equations from which the relevant boundary

layer properties can be derived provided that one quantity is

known . On the basis of the reviewed data it is assumed that

the mean boundary layer height for terrain types 1 to 4 is 600m.

(2000 ft.)

As a starting point it is assumed that the roughness

length of the relevant terrain is known , or that using site

velocity measurements it can be derived from :-

i>
re ; Pe

Aids Ze [ Loge a idl

where 'd' is neglected for terrain types 1 to 2

Bs The power index and turbulence intensity at y = 30m (100ft.)

can be derived from :-

y= (S54), = 0-096 kg, y_+0.o16(ley..§) F024 = 2

for, 0.001 S$ mn =

(mean accuracy of 3-0% relative to proposed curve )
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The lateral and vertical intensities of turbulence can

then be derived at y = 30m.(100 ft.) from :-

NS ee =O7S ; Wee =OSO0 - 2(a)

The variation with height of the longitudinal turbulence intensity

in the log - layer can be derived from :-

] - 2(»b)10% -osn le

where, A = 2.5. for 0.001 = y (m) = 0.10

and 255A = for 0.10 <= ¥q(m) =a; 5500

For 100 = y(m) SS 600 a linear extrapolation from the top

of the constant shear stress layer is sufficient (i.e. assuming

VE At o.ctoo2 at y = S = 600m.) .

Generally this implies that ,

Te, a AS Cs <x <2)

©: The Reynojds stress in the constant stress layer can be

derived from :-

or from :

-3 (a)
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D +: The length scale of turbulence , Lu, , at y = 30m.(100 ft.)

can be derived from :-

Ye
1uo 10s (%,) EA

or its variation with height from :-

¥o(m) Lu, (m)

ozs

0.01 446y

0.10 say

1.0 22) ee

10.0 a2y° - 4(a)

for, 5 = y(n) = 240

y

and Aa
leet = iaame ts) eat

for 240 < y(m) < 600

Es The length scales Ley and ba can be derived from :-

(yeeros oO cite

oe awe Os co ailun -5

for, 5 = y(m) S 240

From homogenous isotropic turbulence theory :-

Lae
Vay ce eae nee - 5(a)

for 240 = y(m) = 600
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Fo: The length scale Lu can be derived from :-

lu. -Oo40y 16

for Bi 6 a y(m) = 240

Assumed to be independent of roughness length.

Gs The power spectrum and cospectrum forms are as follows :-

Ee
Su) = Casey > Ta)

where, ms nhe d: 1200m.
tare BP

He= Lo7s fm - 7(b)n Su iy) T+ s(n"

EE) fn. = 0.32

z t/ 5 rn Sue (= Us 2 7(c)
: CORO Z hae

where, {.. *-0-o@

Gre ; b , c from reviewed data .)

From the above equations the main quantities defining the

structure of Adiabatic boundary layers can be deduced .
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5. CONCLUSTONS

The following conclusions can be reached .

(a) All of the available data on adiabatic boundary layers

have been adequately reviewed and analysed .

(>) The similarity of these boundary layers to flat-plate

boundary layers has been generally established .

(c) From the data finally summarised the general structure

of adiabatic boundary layers appropriate toia wide range

of terrain types can be adequately determined .

(a) The proposed curves for the summarised data are assumed

to be the most reliable and consistent available .
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of turbulence in the boundary layer

over the sea ."

J. Atmos. Sci. 24 p. 653 - 664.
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"An analysis of the roughness length

associated with the NASA 150m Met.

Tower ."

NASA TMK - 53690 , G.C. Marshall Space
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"Airflow in Urban Areas ."

W.M.O. - Symp. on Urban Climates ,

Brussels .

"Survey of current thought on wind

properties relevant for diffusion in

lowest 100 m."

Sandia Corp. Symp. on Turbulence and

Diffusion in the plan. boundary layer.

"Recent measurements of co-spectra for

heat-flux and stress ."
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( ) INDICATES ESTIMATED QUANTITY
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Mm canBe FixeD. Howevee 'T wit BE USED To DERIVE

LENGTH SCALES WHERE Pess'BLe FRem SPECTRA WHICH AEE

RensenaGiy weit DEFINED.

Net very MucH CANBE GAINED FRom THE Bove

TumbuLence Date . However, SINcE ITHAS Been SEGH

THeT FoR RuRaAr TERRA :-

re 
ms

o.o7s = Wiig oS ve eee ~o-so
FeQ RURAL TERRAIN.

HENCE IT CAN GENERALLY BE StEN FRem THE ABOVE DATA :-

Author: Rauner, Yu. L.

Yenr =: 196)

Deta : (See Fic. 38.)

Ratio of Forest /DPen Aren = O-7VO~O-B0 5; he (em,

Wimped) : 2~3-S 35~+S-0 5.0~ 7-0

dary : @5s eo 40

Maes) poe ras 3.2 S15



Tue INCRERSE OF joie As U INCREASES Is ATTRIBUTED To GREATER

PENETRATION OF THE WIND THRELGH THE FeREST AS THE WIND SPeBD

INCREASES,

Gonnents : Ip is mssuneD THAT WHEN THERG IS FolIROS ON THE TREES
. *

THE BeonDARY LAYER IS LIFTEDOUER THE FOREST, To Some EXTENT. 5 HENCE

THE LoweR Y then INTHE CASE OF THE FOfEST WITHOUT FOLIAGE

(Fic. 38). THe CHANGE IN Ye WITH AND WITHOOT FOLIAGE 1S ABouT

dm (3.2 et). THe ean “sy, WITHDUT FOLIAGE IS ABoUT S-O
C ce. Jensen 1%G/_ “7%y, = 4-0 fer GRASS AND crors)

Autnee : Takeucu, K.

Yene : '961

Data :
nr = , BS.Site y(m) oe On Ue “te AIG

O'Nent. 2~16 OlbeoT 2-5 17s 0.918 O69 0-37

Autwor : Zprozex, J.K.

Year : IG!

Data

Geneeary DEALS WITH VERTICAL GUST SPECTRUM j Fotr

ADeP TED Pee AIRCRACT USE :-

2

L

CQ) ge - + trio

wv 2mn
oer Oe nee i RD

WrHeee

(Assunes ExPowauTIAL AUTe-coRQELATION AS IN PASQUILL 1960)
~m:%Derwes scarce ef TuRBLLeNce FRen WaverenetH (N*H) AT WHicH

SPecTRUM DEPARTS FReH PowER Law (IC. WHeee spec TRuN Decays

ae -% Rate.) . Hence

Lu, TM~ 300m Croeoft) at y=?

Comments: Vaeintios oF SCALE WITH HEIGHT NoT Conus DEREd.
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Aurnek - Biackabar, AK.

Year : !962

Data

Rssonep THat THe SIGNIFICANT EDDY SIZE

@) INceuAsEeD AS Az crese te THe GRound

©) peeeeacHeD A FixeD VALLE AT GREATER HEIGHTS

CRee: Panorsky AnD McCormick 1960), Hence THee@ ETicAL DATA

Compared WITH MeRSsuReED DaTA in Fic 39. Gir se> ASSUMED Foe

Beco k HAVEN Data.)

Ir was GeNeeAiiy SHOWN THAT LENGTH ScRLES INCR@ASED

LP Te HEIGHTS oF ABOUT 2e0~ 300TM (cco ~ 1000 eT.) AND WAS LESS

THan 100TM (33087) AT GREATER HEIGHTS; Also EVIDENT THAT THE

BounDARY LAYG2 HEIGHT CHANGED VERY LITTLE AS YL CHANCED.

Succeste>D THAT THe Boundary Laver HercHT (5) cAN Be DURveED

FRen: %

12 D= O008 deg, y tom by (Mr) = 2-186
wees, Fe Corioiis Paranete®.

Comments: Lance scatter in DATA of Fic. 394 1s Dee To THE EFECTS

SF HoRIZONTAL TEN? GRADIENTS ( PReviousty Discuss ED).

Aurneg: Deacon, E.L.

Year : 1%2

Data : FEie.40a

Sie Soe)
Oren Sta O-008S GOO (AssuneD)

Autnee : Konno, J.

Yeae : 1962

Bam : ae

ee LG (CAs
Senpas (Averiecd), 0-004S (0.114)

ONew . 0.006S (0.118)

Carpineton . 0.0033 (0-110)

Rutwee : Monin, AS.

Nene : 1962

Dara:

Enpinicat BATA Feen SURFACE LAYER

23 o:7 o:3

Mazority oF STRESS CONTRIBUTION IN@ANGE O45 F< 1.0 (CEDencon lass)



ie. 2

Aurier: Naito, T. eT ar.

Year : 1962

are
Site “oh

Tore 0-33 CaPpPRex. ony.)

Aurner : Panorsky, H.R.

Year : 1962

Dera: es

Sire : cm "7G Lunde) Luse(m

O Newt. 2 O13 20 10

Severn Bawce, 30 GO~ 130

(Senate Aiea: Scares smactee THAN NEUTRALCASE ; ALONG WIND > Across WIND
Unser. Aiea! Scares LARCee THAN NEUTRAL CASE 5 APPREX. EQLAL IN ALL vigections |

Aorner : Tasauie , F.

Year : 1162

Dare ue ei om

Site u (mm) Yy (rm) We nh. (i) a0
‘Peeton 2 0.008 0.096 33 0122

Autres : Stretan:, 4.

Year : 1462

Data : Fig. 404.

Sire, Yo) es (a) se
Texio Supurss. 94SO O-do0 0.25 (0,232)

Fic. shows canveRcence of BATA To NEUTRAL INDEX VALLE 1e.

FoR G >7w/sec.

Connents « Ye HA> BE OVER ESTINATED BDve To RESTRICTED

HEIGHT RANGE.

Aurer ; Tayvrek , RJ.

Year: 1962

Dara :

Not oF direct iNTeeest) Distance Reauieen FeR Flow

Te BECONG ESTABLISHED TO HEIGHT Y REFTER CHANGE oF

SURFACE ROUGHNESS !~

a(y= lee~iso

Ratio of FRicTiou VElLeciITIES GIVEN BY :-
UA, a Hy, —
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Aurion: Burns, A.

Yenr » 1963

Dara :

ConsipeErs MAINLY THE VERTICAL VeleciTy SPECTRA as

Meas vREd BY AIRCRAFT AND BALSONS AT THREE HEIGHTS.

Data oF INTEREST! -

yor Lurxccm)

cl vee

300 280

WrHich VALLES OF bre Giv]@ THE Best eit IN SPECTRUM EQUN,

C Ree. Zarezen, 1961)

Conn ent: Ir is assumed Here THaT Lin sPpecteum eeun =Li,,
Wf

[ris Pemtem OUT IN LATER PAPERS THAT THE vagous L's

eccuRAiInG IN DTA OF THIS TyPe ARE Not ALWAYS

CARLY DEFINED,

Byzova, N.L.

» 1963Zen Re
Dara : ( a) 20 =(0.134)
sane y Prom

hale ylm) 4 .Gr) oh a

Roaar Fiat OSC 0.01~0.025 0-30 0.10+0.20 0.0017 00 (AssuneD)

Heient of Loe Laver & 7Sm.

Conmant The inpex “is Wien Fe@ THis TeR@ain TYRE,

Rutner: Deauen poet AG.

Yen@ : 1963

Dara :

Maincy A REVIEW OF His Existing PUBLISHEB PAPERS. Succesrs

pDertion of Panotsky /Me Cognick ExPRESSieN FOR VEQTICAL

vELeciTY SPECTRON --

n Soc) £
De Ci+ 4f)*

ie, THE SPECTRUM |S HEIGHT DEPENDENT, WHEeeEe as THE LenGiToDNMAL

Velocity sPecTeum is NoT(Rer. Davenroes, 196/a),

THe MAIN RELEVANT DATA CAN BE SUMMARISED BY Figs. 40c,4l.

Connenrts : Peeseuvatica or 4% as A BUNeTiN Oe & RADY.

Dees NOT AGREE WITH FINDINGS SOF PRES ENT WORK, THe

veupity of B&B vaARyinc, AND THE “ values ADePTeD WILL

Be Discussed IN THE MAIN TEXT,



Aotuer: Jensen TM.

Year : 1963

Dara

Soccest]en THE FeLLOWING DATA Ad BEING APRLICATLE

TORN URBAN AREA !—

Mae Non) yal) 7h
Dz5 21 10 os

014 0.33

Connents: No Basis GWEN Fee CHerce Of ABOVE

DATA.

AutHerR : Markee, E.H.

Year : 1963

Data :

Gre yom) ears
’ x at.

Open Urean. o~ 10 O-16~0:20

Conments: INSoFFICiENT INFORMATION AVAILAGLE FoR PROPER

ASSESSMENT OF WORK.

Ruther : Panorscy , H.R.THER ,

Year . 1963

ata <
Site YC) Yor) Gale) OA).
O’Nerer. Ov B 0-006+0:0f 09-0086 (0.123)

AutHer : Poover , F.

Year : 1963

Data :

Sropy nape in URBAN RARER oF LouISUILLE IN CONDITIONS

VARVING RRem STABLE Te UNSTABLE. Founn nean WIND

DiReeTion To BE INDE PENDENT OF HEIGHT IN RANGE,

Os Yo) SI

AvtHor : SHeLtmed, H.C.

Year . 1963

Data :

THe HAIN IMPORTANT RELEVANT PoinTS FRon THIS Paree ARE

SuUnnAR SED AS FOLLOWS :—

O16~4O01F FeR GENTLY

ReLLING COUNTRYSIDE, WITH SCATTERED TREES OF OBSTRUCTIONS,

(@) THe powee InBex, % _ TAKEN AS



2@.f2

e) Tetcacey & ig assunes to BE of THE oebdeR of

Soo TM (165° er.) AND IS PessiBLy NeT Tec DEPENDENT ON

THE TERRAIN ROUGHNESS YL Csee Buncxanar , 1962).
1

©) Suecests “dTM 0-23 Foe URBAN AREAS SUucH As LoNDoN

AND REGARDS A VALLE oF “Yr o40 as BEING QUITE

INRPPROPRIATE - Svucceers THar THE HIGH “%% values

QvetTeD IN THE LiTeeaTURE FeR URBAN ARERS ARISE FROM

THE USE OF OBSERVATIONS TAKEN AT LEVELS WHicH ARE Teo

lew TeBE RePreseNTATIVE OF TRUE CoNBiTIons. Fer

BxanPle, Builsincs CAN AFFECT VELECITY MEASUREMENTS

MADE NEAR THEN UP Te HEIGHTS OF ABovuT TWICE THE

BvILDING HRIGHT.

0

Rutwer : TAytor , R.J.

Year : 1963

PAIRS. 5
CranGe oF WIN DiRecTion WITH HEIGHT =~ 25° 14°

im Herent Rance © ~ 3B66TM (i200 Fr)

Alutiea : Davenroer, A.C.

Year : 1964

‘para:

Moser oF RELEVANT DATA ON SPECTRA, Me AND Ne im PREVIEUS

wreees, Howavee THE “suRPACE DRAG espreciany. (kK) rer
VARIOCVS TERRAIN TYPES ARE DEFINED IN NORE DETAIL THAN

PReviovBLy.

Site. K (Gn) K (Ue) te dlr)
1. Rouen open Water, 0-001~ 0.002 1 0-0004~ 0.0009 ©.10 Geo (Arsoner)

2. OPenGeasstandD. 0-003 ~0-00S :0.0002~0.0014 0.16 "

3. WeepransSusurss. 0-015 ~ 0.030 + 0.001S~0003 0.238 4

+. Ursen Centees. 0.030 ~0.0S0 :0.0011~O.0019 0.40 “

K (Us)
0:000S ~ 0-00) e7s

0-601 ~0-00!17 aqds

0.0017 ~0.0039 400

0.0012 ~ 0.0020 S26)



Rurver + KawanaBe, ¥5

Yeae : 1464

Data :

Site, YoGr) Wel #),.
Tero 2.32 o-28S (0. 391)

o.u7 (e.153)Senannlans, 0.044

THe pata Have BEEN ABSEECED OVER A LONG PERIODConnents.

Rn inpex of 0.24AND THEEEFORE SEeM FAIRLY RELIABLE,

HAS BEEN QuoTeD FROM THIS REF, FoR Tekio, HoweveR THIS 15

THE Resorts @voTep. THe neanoF

WHICH HAS BERN TAKEN AS Baino-22s

©F ALL THE

THE MAKINO mM VALUE

VALLa ‘tS SUsTED AS

MoRE RePRESEN TATIVE Sita DATA.

RurHer : Luntey, ZL, Panorsky, 4.9.

Yeae : 1964

Dara:

Race vant SECTION consists MAINLY OF QLVQLITATIVE Discvasion

THE FoLL owing BATAet Beonpary Laver Streuc rome .

HAS BEEN ExTRACTED*:-

Win, wy, NU%,
a 2.0 i Kees

133

0.7

0.37

INDEPENDENT OF HEIGHT BUT DEPENDANTAsove Data Assure To BE

ON TERRAIN TYPE.

Fer 2 < Y(m) < 30 a 00648 <

1F VE, eles THEN :— i
Ae 6.5055 bog 2G.

@) i

Sire yr) _Yetr) Na a VO (fs), yn)
(0.212) (0.30)Round Hee it 0.10 0.208

Beno HAVEN 23 1,00. 6195

0.169

O.146 O.128

@.242) (0.49)

46

31

= 2.0 THEN :-



214.

2.5 THEN :-

Nay = 40 Peg V

Estmates oF THE TOR BLLENCE INTENSITIES FRon THE ABoUE

ErPRESSIONS PRE ASSUNED Te BE AccuRATE To AT LEAst 2O%,

Discussion of specrem ARE MAINLY 1 -

@) Loeneropinar :-

Mestiy Davenport's Dara.

CD) Lateear :—

Comments MAINLY ON STABILITY ERRECTS.

©) Veerenc- Fie. 42.

Most oF THE RELEVANT CaonneNTS IN PREVIOUS Panotsky

PAPERS: Sey. Loy INCREASES WITH HEIGHT UPTO

loow Zoo TM (330~G60 FT) AND THEN IS CONSTANT WITH

INCREASE OF HEIGHT,

Autner : Monn , R-E.

Year : 1964

Data: oe

Site. ym) Vi, Vig
Doverrs Pr 3 Renuces a

es By SO%

Connents. Tata any only aPPLy Te STABLE CONDITIONS — DIPFICULT

Te Asters.

AutHee : Novitcoy, E.A., Srewary, Rw,

Donen Gs

Data :

Meainiy THECRETIC AL. Soccesrs THAT THE PROBABILITY

DistR: BETioyg OF THE FLUCTUATING VELOCITIES MAY DIFFER FROM

THe Gavssian DisTRiBUTION.



Autor : Fasauur,F, Butcee ,H.E.

YenRr : 1964

Deta :

ON DERWA TON OF LENGTH SCALES FRoM AUTO-COReELATION DATA,

IT 1S SUGGESTED THAT THE ESTINATiON oF THE Tine T (or ts)

USUALLY DEMANDS SOME DEGREE OCF EXTRAPOLATION OR ADIUSTMENT

Because THE REQUIRED CONDITION of R(t) FALLING Te, AND

REMAINING ji ZeRo IS NoT ALWAYS ACHIEVED IN PRACTISE.

AureenaTwecy scales NAY BE DERIVED FRoery SPECTRA !—

ConsipeR FottowiInG FERNS OF THE BSPECTRA_

nsmTM a

@) Ge lat Weearen) — GeeesPonns To ExPen. AUTecoRe,

n SCn) N

@) Se aia) © ~ Prworsky, He Cornice ic

So) toe:€) ss = Ci+"%N)¥3 is Pousaws canta

nn

WHERE N= Rp Qp* Fenquency at Srectrun PEAK,

Wren =o
x eSpear ee (Swnee Srect@un is Fourie

TRANS Foe OF coRQELATION. )

Hence

Swee Ler caneae s

@)- ob) «)

Le ba” hp F 4: Arp ; 4 “a,

Sie. Yom) Lunde ?

GaasscanD S 4

Autwer : Sincee, 1A.

Year : 1964

Dara :

Maincy A REVIEW PAPER, (yom) = (0.91)

Site, Yor) & 1, Nei TOR ‘OS aes
Bereoknaven. 23 O22 0.31 090 040 ooc3a |.225)

Ho 0-24

% - Taken Fhom PREVWUS SITE DATA,

THE REMAINING PoINTSOF INTERESTARE 1-

@) It was svuccested THAT

~use = aluy
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(b) THe % Lawwas REGARDED AS BEING APPLICABLE To Lower

FRE QvLENCIES FOR THE LenciTupinaL Srecteon THAN THE OTHER

SPecTeA !1€ LecALLy \SeTRePic Flow Dewn TO APPROW:-

w
Yn ~< 100m)

©) Conmiemep THAT THe FLUCTUATING VELeCcITIES oCBEY A

NeRnAL OR Gaussians DISTRIBUTION Law.

waComments: Tre VALLE OF OF FeR THE QUANTITY Ww WS HIGH

— 'T ts PessiBLG THAT ITMAY BE A FUNCTION OF SITE ReoGHNESS

AT Low LEVELS.

Year : 1964

[Data : Menn Vavues of Several RuNS TABULATED AS FOLLOWS!

' Gee wu! x =5
Sire. 2 ue Yow toca Ieei, ote eae
Teicic. 0.302 2.32 26 o2ee Ne 0.002 | 0.20

G7 0.164 22S |e. 39)
107 0.13S 204

230 of 4 230

253 0.088 287

Lux Estimates Fee sPecTea.

The VARIATION OF THE Revnorns STRESS WITH HRIGHTIS SHOWN
im Fie. 42. . Creaery THis CAN BE TAKEN AS Cons TANT

UP Te A HEIGHT oF AT LeAST 2OOm (CE6GOFT) BY IGNORING

THE LowEStT READING.

Cx. =

Comments: THe TuRBULeNce INTENSITIES WeULD Be EXPECTED Te BE

uu ae

WigheR @.g. Ch Sincer i964: —
=.

for ys tio mTM. Nig = o-24,
2

Autwer : THuier, R.H.; Larre, UO.

Year : 1964.

Bere ; 1 wu Ta,
Site. Yom _y.Gr) “aa st (4).
Cerne tiie (open 104187 0-03 0-143 0.00145 (0.148)

Fieias, SnaLe ORCHARDS )



Rumer : Yananote, G.) SHimanoni, A.

Year : 1964

Dara &
Site Yom) (6) x0
Tee L4s~ ies (0.345)

OrHere RELEVANT POINTS :—

Tuer ness ©f THE CONSTANT SHEAG STRESS LAYER FOUND To BE

GREATER cCVRR RevoGH THAN SMeOoTH TRRRAIN Le, CONSTANT

Guene STRESS LAYER GXTENDS TO A HEIGHT OF ABouT ROOM.

Mosruy THEeRETICAL PAPER.

AutHoe: Bernan, S.

Yenr : 1965

Data :

Anatvses THE SPecteA oF THE LonGiTUBISAL VELOCITY FROM

VARIeLS SITES FReN THE DATA FOR ALL THESITES CoLLECTIVELY

THE FeLlLowiInGe IS DEBOCED '-

_yle) 2 inser eee. NS ie eee sO 46; 64,

Lux dm) 286 , Bri | S34) 724 , 496, SSS, BB , VE, 66,

ALE iss.

134 74,

IN oebeR To Assess How ing

DATA FRemw

vARIeES AS A FUNCTION oF Ns

Some PARTICULAR SITES HAVE BEEN ANALYSED To

G@wE THE Fotto WIN Gi-

ire yr) yon) deem eae.

BrookHewen, 16 1.00 36-6

Rovny Hur. 16 6.1 + 0.09 Ss 0.0028

Craevinctrn. IS 0.01 Be

BesokHaven 64 loo GG

Sacre 46 0.025 96

Lu, increases as wfo_ DECREASES.

o24 ‘ os

AutHee succests , Lun © y Cf Weep SS | Lu, © y )

Comments: Some DeEGece OR ERROR IS POSSIGLE IN THE ABOVE DATA

(LE To THE FACT THAT THE NEUTRAL CASES , FoR SOME SITES,

WEEE DERIWER BY INTERPOLATION 5 HOWEVER IT IS

CONSIDERED THAT THIS ERROR SHOULD NodT BE SxrcCESSivE,
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Anarysis of THE DATA INDICATES FAIRLY CON CLUSIUELY THAT THE

TURBULENT LENGTH SCALE INCREASES AS Yo REDeceEes. THis Point

1S) WeRTH NOTING SINCE MeRE UPJo-DATE LITERATURE SUGGESTS

EITHER THE OPPOSITE ORTHAT THE LENGTH ScALE 1S INDEPENDENT

OF Y,, WITHEOUT HOWEVER, HAVING ANALYSED ALL OF THE

PUAILABLE DATA,

Aurnee : Bractcanar , AL er ar

Yenr : 1996S

Data

Mocnw oF THE RELEVANT BATA HAS PREVIeUSLY BEEN

Exteactes Feen Buinaceadne (1962).

Apeitienac “BATA INCLUDE :—

wy,
Sire Sy G=) le

Beook HAVEN , 100 0.0028

Hanror >, 0.08 0.0012

ONent , 0.006

Svecests THAT VEeLociTY PROPILES BEVIATE FROM THE LoG-LAW

FoR Yy > 10 Te loom.

Autnog: Byzova, N.L., MAsHKoun, G.B.

Year : 1968

Data :

Autuoe : Davenport, AG.

Year : 196S

Data

Site Y (m) ym) x

London (Onr.) 2s- 4) 2.42 0.36



Aurner Fa turer, ALT,

Yeae =: 1965

Data:

Toe Unece essies IN ADIAR|TIC SHEAR Flows ARE

ATTRIBUTED To SHEAR INSTABILITY OF MEAN FLOW. Suecesrs

THAT THE VeERTicAL VeLecITIES INDUceD BY SucH EDDIES COULD Be oF

THE eRDER Of Uo AND THAT SUCH EDDieS MovE SLOWLY IN THE

mean Flow,

Rurnor : Lappe , 0S.

Yene : I%sS

ATA

Maiwiry CoNCeRNeED WITH VERTICAL GusTS RE-ERRFEC TS

ON AIR CRAPT,

Powts oF INTEREST :-

(a) Specreal Poem OF VERTICAL GUSTS REPRESENTED BY:-

Es

¢Ck) ~ [reer
nv.

Wheee he Gas L= Seace PARAMETER , FUNCTION OF Y AND y..

@) ASSUNED CONSTANT UP To Y ¥ 300m.

©) Lec-Lmw Founn Te BE APPLICABLE UP Te Y= V4om.

AND To Feltow THis LAW MoRE CLlosety AS Y_ INCREASES.

Monin , ALS.
,

Rute? :

Yeae : Wes

{Data

Maney THEeReTICAL PAPER

Wy, Way, Te,
24 17. 0.8

Suceests TurRBULENcCE INTENSITIES ARE DEPENDENT ON THE

VARIATION SF THE WIND DIRECTION WITH HEIGHT Ie.

Wey, 1+ SuiB z
uw ~ 1s ore B= Gance oF wind DiRectios = SC

Aurtee © OvipHant , ee, 5 Panorsry , H.A.

YenR =: 1968S

Data :

‘Tiscussion oF 4 vARiATioN AT BRook HAVEN AS FUNCTION oF FETCH,

fe, THERE ARE Two LAveRS FReN WHICH Y. NAY BE DebuceD (see Later -

Feizzra 1967) Meanvatue 18 fom (d:=S-Sm) Fer h = 82m.
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Autre : Paworsky, H.R, Sicer, 1A.

Yere : 1896S

DaTA :

Generar Pewts oF INTEREST SuccesTeD:-

(a) Urree sections OF BOuNBARY LAVER ESBIES ARE Bown wind

OF LOWER PARTS | HAVING SLoPES OF APPROXIMATELY 1) Doe

Ve wiwb SHEAR,

@y Lu inceens ES with HercHT AT Slowee RATE THAN Y.

Svccects,
o6G

(Rares eS) ef

Comments :

THe ReAsons Fer THE DISCREPANCIES IN DETERMINIG

Lue as fCy) wut Be Discusses tater.

Auraor : let Cam. Cour on Micromet.

Year : 196s

Dara:

“Paetic one DATA : Sire: O'Newe yocm) = 0.0067

Geneenr pata : Aya =2.0
- WA. = 10 \ Bigs, A344

In Fies. a3s bas At Sy r
© = Poerenriac Tene.

Secptter Can PRETLY G@TTAIBUTED To SITE DEPENDANCE OF ABOVE

‘ \

Constants,

Autier : Swanson, R.N., Ceanee, 4.6,

Year : 1965

[Dara : a

Sire h (mm) 4m) “At

Waite Sanps. as 1 0.60 (fn.oFy)

(Beusm Teper SAND Downes)

es Bove Pitcn.

Lone. and Let. TURBULENCE ARE SHOWN Te DECREASE

THetnhal STRAT IFicATIONS _FIG. 4S.

@) with

INc@gAse oF Y FOR ALL

(b) = Suecests =

Ma Cy”
were C= fx of Yy

«) Fic. succests Wi /a = 4(a) AND GIVES

(We) x 0.20 FoR Y =30m.



eat

Autuee : Zdrozer, JK

Year : 196S

[Deta :

Mainty conceRNED WITH METHODS OF ESTIMATING AIRCRAFT GUST

Leaps. Mam points OF INTEREST !~

@ Ia. + 0.20 CTaeraw ?)

@&) Scave oF TURBULENCE INC@easeS WITH NIGHT ATLEAST

UPTo y = 300m.

«) Succesrs Some ComFusion EXISTS DLE To DIFFERENT DEFINITIONS

oF = Lenetw Scares oF TURBULERIcE.

(4) Assones

lu, Gy.
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Autner: Barry, PJ.

Year : 1966.

Bata

Mataey a cRiTicay REVIEW OF METHODS OF ESTIMATING De,

WHICH GELERALLY INVeLUES A KNOWLEDGE OF Y.. THe Rroee (1959)

DATA 1S COMSMEREDIN Sone DETAIL REY, ExTmares. Aur HoucH

Ripee QveTes Avatve oF Gl= O.32cm FReN HIS DATA, THE AUTHOR

SHowS THAT IT 1S PosS'BLE To ESTIMATE RA VERY WIDE RANGE OF

VALLES FRen THE MEQ SURTENESTS.

Comments:

THE Naw Point HERE, WHICH [Soucy ConsiDe@eD BRIEFLY

IN THE RePeRT, JIS THE FACT THAT THE DATA ONLY COVER A RANGE

OF HEIGHT OF Oem. Hence THE MEAS VELOCITY MEASLRENEUTS

MUST BE EXTREMELY SENSITIVE To SHALL CHRYOGES IN SURFACE

VEGETATION AND PROBABLY To WIND DIRECTION | THIS MAY LEAD

To WIDE VARIATIONS IN THE BETES MIUATION OF YL RATHEE THAN

THe AmaAL ysis TECHNIQUES Lseb. There RoR THe ma VALLE

Qvueten Br Ripee is Taken Te Be RELIABLE,

AuTHoR: Devanp RJ.) Binwowsi, FS.

YerR : 1966

Data - ued

Sires. am) Yabo) Ya
Mise aPecis— 1Som + (a—+) 0.31

St Pau.

Leusmece ~ (2m + 8) 0.26

Deeth of LeG- LAvea succesteD To BE » 1oO~TMm.

Aotnoe: Evpnernin, CE.

Year : 1966

‘Dara : ewe wae
e Yolm) Yylm) a an ee 65 ee

HanFroRtd 0.025 Ss 0.23 O.16 0.44 0.00/% 0.00038

c.l O.18 o.12 0.69 0.0015 0.00012

Vy, VE NO pe VR La tn)
29k 2.04 1.32 0.70 0.4% {2-2

2.61 Lt iag 16.67) o.s5°- adi0

“2 012 (De Hares 1989) &

Estineres Give: yo (0.023TM) 5 ( w% a = (0.141)
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Autuer : Mac Creapy, PB.

Year : \I6G6,

Data!

Derts with NHEASLRENHENTS CF MEAN VELOCITY PROFILES

PND BRRERS INVeLYVED DE To DEVIATION OF WIND DIRECTION |

E.G, STANDARD DeviIATion OF WIND DIQECTiIos IN VERTICAL PLANE

(in epRectT Vertical Tu@avLeace) IS GWEN Ast—

“1

Ge= 0-42 (tage */4.)

Gce Pemorsky, Me Cornice 196Q i

Wa > os al %, ) )
Autnor: Maerdurovicn , H. lin Tavane, LR.

Yeae : 1966.

Bata :

Sree. Gm) Wie. We
Oren Countey 1 a 12

4 es ane

Vey, Aceces with Swinganwk 19SS AND ZouBkeust! 1962,

Ie, Ackees WITH £.G. PanoFSky , Me Cormicic 196 ,
Pasgurcr. 1962 ;

Bot Gurucn 1962 Gwes _ OO.

Avutuea: Keavs ,E.B.

Year : 1966

Dara :
earns 1

Assunepd & =0.u4 , S=Goom FoR ESTINATE oF STRESS

Site yor 4. Gn) ro

Sea O~lo ©. 0004 0.00036

AutHoe: Ponp, S. eT Ar.

Year : 1966

Data
are

Site, Ym) Wey
Sea 7s 0.40 (Orem ?)

Re -¥ Ne » =
e- SPECTRA: 3S LAW APPLIES DOWN To uw O.6025 ,

Betow THIS LAW of -] Fits DATA BETTER



Bea.

AutTHoe ! Paircuarn, =e:

Year : I96G

Dara

Geneentised Data of STRUCTURE CF TULRBLLENCE FOR

Use IN AIRCRAFT DESIGN CALCULATIONS.

Mawr RELEVANT POTS ARE AS Fellows!

@ Lin incesases Cueutear BatA) WITH INcRERSE OF HEIGHT

LPT. ABSLUT 120m. AYD 15 THES CovsTANT

Hecur s& Ye 37OnN CFic. 4G)

LP TA A

(ii) Fee ye Som ALL Tu@BoLe aT LENGTH BcaLes ARE

ASSURED Te BE EQLAL.

Fee y S ISOM

er

es HeLa (very apreex.)

(iii) Fis. 4e

emLY ON

INDICATES THAT THE LencTH SCALES DEPEND

Awd THE TEMP. GRADIENT

Ce.c, Trvuer 19S) HAs Assumed THAT

Gives

Bot OTHER WoRk

GREATER Revehwess

GRee Tee LESGTH SCALES.

(v) Fe. a7

WY TMceeAsES LP

Sy.
snows OL To BE APPROX. ConsTANT AS

To ABOUT 370m,

(Vv) Toeeclesce AssuneD Te SE ISeTRePIc Pe Y > Soom.

(vi) Fore es Bom, —

Se 2 O:66 » We, en 80 <3 CAereex, Varues,)

Wu) Owe c& THe Fest ATTENPTS To Detiwe THE TUR BOLESCE

INTENSITY &@3 @ FuucTion of TERQAIN TYPE; THE

VARIATIONS SUGGESTED ARE VECY APPROKINATE BUT Give THE

CORRECT TREGD,



ees

Rummee : Brack apar ,A.K, Currin, As.

Year : 1967

Dara:

Vevecity PRoFites AREPrrPee is MAINLY THEORETICAL.

ANALYSED UPTO AHEIGHT oF 200m BASED ON THE ASSUMPTIONS

1S CoNsSTAUT NEAR THE GROLGD, THEN VARIES SLOWLY

AND FIDALLY VARIES MORE RAPIDLY.

OS yl) = 200 AND

1

THatr &

WITH HEIGHT

They assume

Wie ete (OE) tcky

t
Lf 4S Cons TANT FOR

Hence DERIVE ‘-

WHERE

Fe 2uSmg — Cororis Paraneter,

C= Const = Ff(us , a Re) — A RELATIONSHIP FoR
Burcranaa.WHIcH WAS peeve BY

Tris ERRECTIVELY PRepuces A LINER PLet oF og u~y
TO WHICH AWALYS!S IS CARRiadD OUT. There FoR E

VELociTyY MEASLQENMUTS Nave

UP To

TRE HEIGHT

Yo vAtues cance Derived FRom

©Ovtsibe THE TRLE LoG-LAYER.

en THEORETIC BASIS

THis

MMEOTS.

Apove AVALYSIs MAY Be JUSTIFIABLE

BuT CAN LEAD To LARGE E2Qees IN DETERMINATION OF Je

WiLL BE ILLUSTRATED LATER.



2.26

Aurnoe: Davenroer, A.C.

Year : 19167

Dara
Most oF THE RELEVANT DATA ALREADY Cons:DERED PREVIOUSLY

IN THIS WeRK,

Srre. “utr yom) _&_— Luxtm)
Sr. Louis. LZ 3%1S2 0.28

MonTRear. 1.0 12~300 0.28

Te 110

Main Porn tS FRoM PAPER:

Sim@) Best AvEracine TIME FoR DETEEMMATION oF UW 2Onins,

(b) %L ~ 0.36 CCéDavenrort G3) Yro. 40)
(Cc) Ureav ase RoRAL SPECTRA SHOWN To BE Beitaa , be. 48

Fee Buwruop AREAS

(A) Recest bata ComPiRns NORMALITY OF PROBABILITY DISTRIBUTION

OF FLUCTUATING VELOCITIES.

(C) Succests That THE THERE TICAL INVESTIGATIONS OF THE

Velocity PReeiLe (€.G. THose oF Buackanar , Lettav etc.)
CAwNnor Be VERY RELIABLE SINCE THEY ARE BASED ON THE

AVAILABILITY OP KNOWLEDGE ON THE EDDY viscesiTy — THIS

RESLLTS IN SOME “DEGREE OF EMPIRICISN . Hence DEFINING
L

THe Terrain vusine &,y, ETC DATA 1S consmeRED To BE

HeRE RELIABLE AND PRACTICAL. N.B.

forhor : Davenroer, AG, Isvunov ,N.

Year + 1967 @)

Dara
Siem Yaim) _y Gr) (Fare (4. omy)

BasokHaven lo 238 One. Lo

es O27. (Inrenr)

46 0.23~.24

Se 0.214

The Daven Port FoRN of THE Lene. Spectaum 1S RE-QuoTed IN

= 2.48 . Daverser Iteib]



cued

Aorsoe. Evpeekin, C.E.

Year. 1967

Dara.

Site
HanrorD. 0.03 = 1G

G1 Se

Ligeenr. 0.04 3 16

G.| 32

Generar POINTS -—

@) VerticaL SPECTRA.

Siniarg FoR BoTH SITES;

FoR STABLE CASES AND MORE LOW FREQUENCY ENEREY

ny
FoR UNSTABLE CASES. “Perk Y@ oeccuRrs Ar ABouUr O40

n

CF. PassktsKxy, MSCoenmictk 1960. O28 Je Me LG
,

ny

SLIGHT SHIFT of PEAK “@

VALVE

() LoneiTusmar Spectea, *
J.

Sinicae fee BeTH SiTes; PEAK “at 0-083 (APPRo x) .Q

%G@ of O40,
3

-% Law apPLies DOWN To ABOOT

() Larerar Srecren.

Variations WITH TERRAIN TYPE Nor AS COMSISTEDT AS

SsFoQ OTHER SrecTea, ri Ya, LAW ALSc Dots Nor APPLY AS WELL.

RutHor. Estoave, M.A.

Year. 1967.

Data.
Mainry THEOSETICAL 5 ESTIMATES BoOundARy LAYER PROFILE

ASSUMING CorRictis emEeCcT Is SMALL, Shows LoG LAYER IS

Suitawle UP To y= leom aT Roonp Ha site (see

THucuine and Lappe 1964.)

AutHor: Frizzora, JA. ETAL.

Year. IWe7

Dera
Deeiven DATA

Sire. eon eGn. ee We, Luxm)
Brook Haven. 1.0 as 0.33 0.0025 1.22 73

4G 1.18 14a

Te 1.26 292

Ide oR CHS, _ HIGHERNB. Lowee Layee oF Flow Gives Y, of oedce

Yo OF SRDER SevERAL md — Hence Yor Im.LAavee Gives
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Ornee Geneezar Powrts:-

@) Leneituedinar Sreecten.

Neo EFFECTS BLE To CHANGE OF STABILITY CONDITIONS.

@) Veetice. SPecten.

Spectral PEAKS SHIFT To HIGHER FREQUENCIES AS Y INCREASES,

©) Lareeat Spectra.

Spectral PEAKS SHIFT TO HIGHER FREQUENCIES AS of INCREASES,

ALSo INCREASE OF LoW FREQUENCY ENERGY AS STABUTY

DecReASES.

Author: Jones, P.M.) Wiison, C.B.

Yene : !IG7

t

Foe Ursan aren | 422 0.3% Modeled iN Tunwer

BUT SuGcEsteD OSG Nore amPeeraiate ( Source ?)

Author: Krinac, J.C.) Havcen, DA.

Yeae : 1967

Veeticac VELecITIES OLY CoOmsIBERED.

Site: Uy Cm)

Ceprae Hie, 46, 137,229, 820.

(Funt Terra)

Maw Pewrs!-

(ay Ric, 49@) SHows TYPIcAL VARIATION OF NEUTRAL SPECTRA

WATH Inc@eASE OF HEIGHT. AGREES WITH Panotaicy, Mo Cormicic:

(\4eo) DATA. I¢ Np DECREASES AB Y INCREASES » ALO

foC= a) Lies serwees O15 and O35 CF. 0.25 ~ 1860 DATA)

(b) Shows increase oF SCALE OF TURBLLENCE UPTO Y oF

ABOOT 200m > THEN RENAINS COMSTANT OR STARTS To

DECREASE SLIGHTLY WITH INCREASE OF — THIS AGREES

with Koerov (65) AND Moore (o7). THe Fornee INDICATED

A Maximum AT YX Zoom. | Followed By A GRADUAL

DECREASE To ABSLT 1060TM., AND THEN AN ABRROPT

Deceense To vey tow VALLES.

©) Shews , 3 €

Git?) oS “tp wHeee € = DissiPATION.
(aso suceesteD By Pasquit 1967.)

OR DissiPAtios cAw BE See Se, greek SPECTRA Swe,

S(%a) eo €% Gaye
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Autner: Kune, S.J. er ac.

Year : (967.

Dara :

Maincy Comce2ninG THE Boonpaey LAYER STRUCTURE FROM

ELAT PLATE Bou uDARY LAYER MEASURE NENTS, Showed THE

ExictTewce of Secemp ary veeticiTyY (LARGE scace EBDIES OF

Town senn IF Sa) IN THE INNGER REGION OF THE BSONDARY

Leaver. ITis succesteD THATTHE ACTIeN OF THESE

SECOUBARY VORTICES ON THE SPANWISE VORTICITY GIVES RISE

To THE FPeR RATION OF WALL STREAKS. THE FLoipD suBscQUENTLY

EdectTeD AWAY FROM THE WALL IS COMSIDERED TOBE THE

MAIN MECHAWISM FoQ THE TRALS FER OF THRBOL ENT BUERGY

BETWEEN INNER AND OCLTER LAYERS.

QUANTITATIVE DATA INCLUDE INTER MITTENCY

Measucenents ( Fic. 49 +.) Csee arse Gresin , Kisteer 19s4)

AutHeR : Licey, D.K., Pasorsky, H.R.

Year + 1967.

‘Data :

Geneerr Review Pacer.

The Rare oF:

"= ha
Say Lar. ZB (is weetiar Sva-Resce)

is GENERALLY, BLT Net ALWAYS, AGREED on 5 IT HAS Been

COM FIQ@MED THAT ITS ACCURACY DePeLVDS ow THE ASCUR ACY OF

THe sy PeweR OF THE DISSIPATION TERM = (ste e.g. Keimac,

Hevcen o@ PASRoILL 14-7.)

Autuee: Moore, DJ.

Yene : 1967.

Data :

Poms OF INTEREST :-

@) Toesurence Geneaaicy isoteeric at YF Boom

Cre. Ye x 0.33)

(b) CUE) S OTS | which AGREES With FLAT-PLATE BATA ETC.

(c) Foe O > low /sec MO peceemses wit Incase oF y

Leto Boom , ABvE THIS HaIicHT THE Gate oF DecREASE

SLows Down,

eg. Se

CIF som TIP) 20m. + 0: 40
AND (Arp ene cir yore m=O, 78.
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AutHor = Fasauiit, =

Yeae_ : 1967

Dara
Sire Yor)

Carvincton. Boo ~

l2e0,

ei

GHeous RELATIon SHIP = BETWEEN Ae AND DBIssipA Tiows!-
Dissipation 3

es hs

RAND = Ques

ALso Np = “Ao 4 (np = Spec. Peak Fee avency)

(ie) Sk we
rs b Rp

WHeee Qe=he, b22 AND ke 0-4.

Nete ALSo Dissipatios TERM IN EBXPRESSInn FoR SPECTRUM

INERTIAL RACE 5 a
— -

Sy ee Cea Greene

AuTHee: Prutsen, C.A.

YerR : 1967.

Data

y o(m) “Ue Me (ass),

Sea ©.0004 0.0886 oO.

a 3 ES
G + 007 Ae) xc ; We? Vex. aT yalom.

Data FoR vARwoS CONDITIONS OF TEMP. STRATIFICATION SHown

mo Fe. SO (Rema Data TF).

Comments:

Data aoRees VERY WELL WITH OTHER SEA MtonsuReNENTs,

AutHer: Snecaea, Hae

Yeae : 1967.

Date : as —
Site yom) Yelm) Yok on hm)
Lonten . 42.6 0.24 0.222 as?

Gl 0.201

189g 0.128

Mendcesuan, 18-3 O13 o.1I7 =

Aas 0.099

3c00 0.064



a3!

THe DeGREE OF SCATTER IN THE Lennos TORRULENCE DATA IS!-

y 6m) Neg.
42-6 O1S~ 0.32

Gl 014~0-27

139 0.07~ O18

THe vasiarion oF THE GUSTS WITH Reient (refi ~y) 1S Sewn

Te Fotitow A POWRA LAW HAVING @ PowER INDEx of 90.04.

Connent.

Tae HIGH Tu@BulLesce MEASURED AT 300m, IMPLIES THAT

DB roe Muear Teraains 1S > Zoom. AS Svcesstab tn

DavevuPser (i462).

Autwee : SHiotan: M1, Arai, H.

Year : 1967.

arA : _

Se alr) yim) FE Let) Lun)
Suixeku Isump @.002) 4o O.10 190 Go

(on shore wimp)

Assessnent oF ALTe- CORRELATION CURVES SUGGERTS

30(2)
(@.104)

ise « lLux®) « 200

— AN ESTINATE BASED ON (A) p ewes 190m,

Rutwoe: Siwwcee, 1A. ETAL.

Yemr +. 1967,

Dera : =

Site Ym a Lux
“Brookt Aven. QS 127 37

46 113 198

92 1.26 Boe (=)

Geverar PeinTst-

(@) Lene. srecrer. Smune at ys23,9@m AND Fertow

V/s Law.

(D) Veericac srecr2n. Suoccests Feen of sPecrea :-

REO arte x fen, 4 8%
Specteaa Suet Te RIGHT AS \Y INCREASES Cruse acest £.)

— Aas ¢ = Oo.

~ 1 vs
ee co e-* oCUs (ns Pee KornecoroFr)



eae

©) Ley iceenses tinenety with Yy LPT ABeuT SOm

— AT GReATee HEIGHTS INCReASeS MORE SLowLy.

Suecests Lu, = 140m at y = 200m

Exarneres of Spaecrean cwauin Fic SI.
ae

@) The Lateenc Srectem and ScALES mee INTERNEDIATE

Between Lene. and Vert Srectra.

Avrtor : Sritn, SD,

Yene : 1967

Data :

Site yor) "0 Lux (in) We
Sea 5 0.00035 ig 2S Cavern of 1)

Appimewat DATA GiueNn in Fig, S2 ca. where

Ce eG , Gs = Ver. at yrsm.

INDICA TES RAGGE SF DATA AVAILABLE FReN MERSUCE MENTS

over stA.

Geneeauy THE DATA ALSe SHow THAT Lux DECREASES VERY

RAPIDLY AS THE SURFACE IS APPROACHED,

AutHor : Tritton, D,

Year : 1967

Data :

‘Derares MEASULENESTS MADE IN FLAT PLATE BOUNDARY LAVER

IN ATTEMPT To DeTeRtine Bounpary LAvee sreuctore. THe main

PoinTs PRom THis PAPER ARE ComcERnwab WITH THE LARGE SCALE

Expy STRUCTURE OF THE BounnaAky LAYER.

THe DATA DD NoT AGREE WITH THE LARCE EDDY STRUCTURE

Pictu@e PRePesedD BY Towucend(i9sy) AND SUGGEST THAT

THE S®PRRATE DESCRIPTIONS OF LARGE EDDIES FOR INNER AND

OVTER BounsARy LAYER REGIONS NAY Be INAPPROPRIATE.

Autroe: Weer, HS. Buetine, Rw.

Yene : 1%

Sire. “733
Sea 0. Ccos2

Genecaity coutinns Shinn Qae7) Data,
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Aumer: Voi covitsKaya, Z. iB Wvawev,V.N.

Year : 1967.

‘Data :

Site. Ulm) —_Ye (m) % Luxdm)

(Mer. Tree ee lust, 17 0.70 O35 200
Georn, USSR) 4o Boo

es 400

Aumer : Zuskovski , S.L.. Keavenenko,T.K,

Year : 1967.

Dara ‘ = —

Site yim) Te de Wage a
Sea a 0.34 O.So (See Fie.s2c)

Snows Yo CAw Be DeRivan Reon Ga :-

Cp: aay “Ay
ALse v

Un Ee teh | Ue =W%

4ig.%, » W%-'G
Re ~

oe GW: %- Ot + Ce
Fie.S2b suous G is Fumctios of GD 1¢. Bees Nor AcReS

witha Data of Smita 1967 C Fie. s2 a)

Fie. Ste Stews | AS ExPecTeD FRen PREvious BATA, THAT

Wow iS A FuucTion OF Ye

le. Sent Rebvscetien Fem THE ACCEPTED VALUE of 2-S cA BE

ExPecTeD AS Te@@Ains Reucuness INCReAStS _ STHeewise

TOR Bote ce FRTIMATES FRen |

Neg = ibe cog.

Fee HicH Yo VALUES CAN RE EXPECTED TeRe cessive — NR.

Conntent .
SurriciestT INS nATioN IS NeT AVAILABLE FRem WHICH

Te e8TAIN A TRLOE ESTIMATE OF How Viv, BHovrd VARY
WITH Ye — However Tees WILL RE DBiscucced AGA IN

ALATEQ SECTion.
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AotneR: — Ortawa ConF

Year ; 1467

Dara:

‘Parer S.

Teeenin Tree SpPecitic ations :-

Site ol. BGr)

Uren. 0.33 BIAS

Susursan. Ovee Bac

Rorac. 0.14 274

Paper 12.

Specimies. THAT Fe@ MeDdDEL AWD PULL SCALE SIMILARITY THAT

THERE SHOLLD BE ERQVALITY OF I—

hen aw i N-B

Were he Revedness HEIGHT

R= LENGTH SCALE ASSOCIATED WITH ROUGHNESS SIZE re 5 Yo.

Autnce: Beaver, E.F.

Yeae : 1968,

Data: 2
Site y, (rm) CA) y.2m
Taenac, 0.00002 0.001477

Mesu_ Veet Spices, 0-002 0.00444

Genss. 0.00S

Aumer: Brapsnaw, P.

Yenr : 1968

Data :

Mainry REFERRED Te FoR DATA ON BoundDARY LAYER STMUCTORE

As Follows !-

@) Lenetn sare oF Laece Evpits is of THe sane o@beR of

MAGHITODE AS THE BounDARy LAYER THICKNESS 8.

@) Larce evnies SEEN To ARISE FROM INSTARILITIES IN THE

TURBvLLeENT SHEAR LAYER.

(c) Lae@e e>pies consist OF A Slow BRET OF ReTATIONAL

ty,Fluid wHeRe BD (IS No GREATER THAN 0-10.
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Rurner: Busew, NE.) Panersky, HA.

Year : 1968

Dara :
Siu aio Lume Gm) Was
Round Hur A B

is Go

\G to2

40 isd

46 120

Cepar Hur 46 1.35

HanrerD 4:5 14

Sea a(*) 27

3(=) 48

For Rovwn Hut BaTa:- FA — Srwern Geass,

B— Scatreges Weens.

THe othe NAW Peists ARE AS FOLLOWS '—

@) THe Ratio ofiS : Swi) 5 Sul | ¥
Sets Se 3

PESPITE A LeT Cf SCATTER,

StHown Te BE VALID

(b) Succestred Form ree VERTICAL SPECTRUM:

£

nSuln) ors Fm
SS ed CS Oo

fm2 0.32 Fee ADIAB. CouDiTiows = PeakVatve of ae
(Tenss Te ONDE@eSTINATE ENERGY AT Low Fee QuEwCies)

(OS ne Oe Ppeac £ ro

RIGHT WITH INcREASE oF Y. Cig, S30)

@) Specrem over SER SHowW MLCH HERE ENERGY AT

Lew Fee Quescies (Fic. S34.)
es

Conneuts. Data RRom Rouup Hiv PRoviBe ADDITIONAL

PReok of DECREASE oF Lux AS SITE ROUGHNESS INCREASES,

Rutmee: CHanpiee , TS.

Yeae : 1s es

Data :

Genera. Review Pater } RELEVANT POINTS ARE AS Rollows :_

(@) Lateral speead of PelLuTALT UNAPFECTED BY DEGREE OF
BeCKGZeuny TORBULEDCE IN Flew ouveER Cities. Caurn inPiy

THAT LARGE RovGoess BLEMBOTS OF CITIES BO NST PReducE

LARGE SPANWISE GRADIELTS IN Flow AS Ex PECTED , which

WELLD PRebocE LARGE LATECAL DiFFusion.



2.36

(b) Sropies oF ARELEW Ww CITIES TEND Te BE concerned

WITH INBIvi,DVAL BUILDINGS RATHER THAN WITH GROUPS of

Bell aines,

mments. Re. Pont (b) THis eBUloUSLY cAN AND Does

RE~ LRRAWLEAD To MISLEADIDG GEREZAL ASSUMPTIONS

S\TES SINCE Soch DATA 1S MORE CFTEDS THAN NoT

ILLUS TeATISG TusT A VERY LecAL CHARACTERISTIC. NB.

Aurree_: Erpeekin, CE.

Year : 1968

Dara :
RELEVANT DATA INCLUDED IN ELDERKin 1967,

Sire Yam)
HanrorD 0.03

THe cosPec TRAL MERSURENELTS OF LU INDICATE ) AS Do

PREvVIevS DATA, THAT THE NAxKIHOM ENERGY CoWBTEIST IS

In THE RANGE ?

iany

Oo: = asto

Rutner: Frente, GH.

Yene +: Ibe a

Data:

Vaeietios oF Yo WITH WIND DIRECTION FoR

Centre (N.A.S.A. 1S0m. Tower) :-

Kenuesy Space

Winp Directions Yo Om)

Oo ~ 1S0° o-23

ISo°~ 180° o-Ss!

\&o"~ 240° 0-23

24o°~ 300° oes

Boo®~ Beo* 6.23

Rutree: Ficate , &.H.

Year: ivoeh

Deva :

Unssratce DATA PRESENTED BoT OF INTEREST. Reve hess

LENSGTH Fourb To BE INDEPENDENT OF ATMOEPHERIC

EQVILIBRiomM AWD WIND SPEED i—

Site y. Gm)

Kenney S.C. o-23



‘ehh,

Fic. 53 SHows DATA OM VARIATION OF SPECTRAL PRAK
See te

£ (= a) as A Fumcriow of HEIGHT,
Ws

Gives , fim oo ¥y

AND Since Le, ot 4,
) Vs

Luo y

OrHer BATA SUGGESTS :-
as

Les y fer < GOm.,

Conments: How fn VARIES AS A FURCTICON oer MOST DEPERD

ON ATMASPHERIG EQOILIBRIDH CoNDITIONS » WHICH SoolD

RecouwT FoR Sota OF THE ABOVE DSACREENERT sats

ROBITION THE DISAGREEMENT CovltD BE Bee Te THE Fact

THAT fm Wilt Also BEA FUNCTioN OF SURFACE ROUGHNESS,

Autaer: Geanan, IR.

Yenr + 1968

Data

Ste le) Ba ea >) (a
Foret Wayne fy oy os 2.120

(Vesan) a 8.7 ©.089
a 0.382 0.339 | 1.31 0.32w)

47-2 0.212 0.204

A x Wenwardp EDGE of CiTy.

BR erry cestee,

Foe ye Ie VARIeUS LRBAS HEASURE MENTS GIVE
Jars

oe: “4% < oa

Comneuts ! Recative mAGuiTUDES OF Jive Aas wa
Ro NOT AGREE WITH GTHER DATA.

Rumer: Hares , fe. I.

Yene : 1968

Data :

Site % Yelm) ycm) Lug iy Los y Gal(qecmr) Bag
Rusoy wee O17 0.07008 17.7 SG 1.2 0.03 0-169

loo SO 24 0-145 (rer)

Ise 400 Ba

Ve AT ys den 1- 0145 Been Fig, S4
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Ss Gwes er ~yls LPT \8om. ANDFi

THE FoRN OF THE CORRELATIONS FRom WHICH Luy is

OBTAINED By INTEGRATION.

AediriewaL DATA INCLUDES!-

(a) CHance of Wind DIRECTION WITH HEIGHT BETWEEN

2-7 AND [82m 1S APPROXIMATELY 10° y 1S. ABour Sox,

Less THaw THAT PREDICTED GY THeoRy.

ab) Soceests Fern FeR SPECTRUM OF LenGITUBINAL VELOCITY —

o6 n€&
Sin = Ce +e ye Be

>

Succesta L£ SHeULD Be of ORDES IROOM,

(pBeve FoR IS Zimmae To THAT Deewen By Vow Kaenen IGas)

Comments: One oF THE FEW RELIARLE SETS OF DATA

FoR HEIGHTS > 160m,

Autor : Jones P.M. ere.

Yeae : 1968

Data :

Site je Cm) YoES eee ee
LiveePoot 0~ 300 ‘eS: °.21

Meee DETAIL IN LATER PAPER.

Author : Meeaney, RN.

Year : 1968

Dara :

GeneeaL ComMMENTS RE- TURBULENCE INTENSITY ETC, IN

WAKE OF LARGE SCALE ROUGHNESS Je TREES Crop eu TESTS) =

(2) Maximum TeRBULENCE INTENSITIES ) MEASURED Ar ABOUT

TREE TOPLEVEL , ARE OF THE ORDER o:'30 (Ceasen on Loca veL.)

— GELeearry FALL IN RANGE GO: 20rv O30.

@) Max. INTesSiTY STAYS RELATIVELY CONSTAYT Foe AEBoJT

So TREE HEIGHTS DOWNSTRAAY j ALTHOUGH FeRN OF THe

VERTICAL DISTRIBUTION OF INTENSITY CHANGES AS BOW DATR EA

Distas ce INCREASES.

(eS Averace INTEWSiTY FROM FULLL~gcALE TESTS (Tovem any Shen 60)
iS ova



Auree : Moun, RE.

Yene : 1968

Data : =
Sire “eu x

New York 0.32 (+) 59° (Apinz. 7)

Review PAPER, MAINLY BSUNAARISES PROBLEMS TeRe SelvED

Th ORDER To! SETAIND PROPER DEPMITICS of URBAN airas) Bic.

@) Peetian OF DEFIWinG REPRESEUTATIVE URBAN Sites INORDER

Te Be FREE OF LocAL EFFECTS.

Cb) PreBlem oF DEFINING TRUE YL AND d FOR OREM SITES,

Autre? : Panorsky Al

Year: 1968

Bara:
Review PAPER MosT oF Data ALREABY CLASS IF ie Db.

Sik. Nea veg Nie
Geneear es 2.0 1.28

Autiek: PaNnorsrcy , H.A. Maees,E,

Yerr : 1968

“Data

Assessnent OF AVAILABLE cCo- SPECTRAL (u'u') DATA _ MoaTLyY

Fee Yy <Som.

Suceest FeRmN Foe CosPECTRUN SHAPE

n Suv dn) F/f£m

e060 e
feo: fm ¥ 0:08 Fee ABIRBATIC CASE - BURTECT To

) j

LAGGE DEGREE OF ScATTER :—

S.os Ss fm < 0.12 (Areas)

Mest oF BSaRGY CONTAINED IN RANGEL

eo <= F <= 10 = Bic Ss

Conmests :

One oF FIRST ATTEMOTS TS BNPRICISE Co- SPECTRAL

PATA.



Autmoe: Srre tas: A.

Year : 1%ee

Bata :

Aurnee » Wirsom ,C.B.

Yerr : 1968

Date

Svecests !~ Sire Vol:

Roeau 0-143

Ureaw o.So Cvery Approx.)

Vesey GENERALISED REPORT OF WoRK AT EDINBURGH Univ.

Aurreg : Buackapar ,A.K. Panorsky, HA.

Yere + 1969

Dara

Site Yr) ‘Sh (m)
Wuarre Sans oves 0.06+0.08



241.

Aumoe : Biackapae ALK. er ar,

Year : 1969.

Dara :

Most ef RELE UALT DATA INcLODED IN FicnTLE 1968 Cae. REY,

oF Keuoesy Space Ceurre), Forrowne Pemts of GeuerAL

INTEtesT: -

(a) Mean siTE RODGHESS LERCTH FOUND Te BE INDEPENDENT oF

PTMe SPHERIC STABILITY COMBITION AND WIND SPEED.

(b) The Peetamiuity DENSITY DISTRIBUMOWS OF THE LeNGiToDuAL

FLUC TURTING VELSCITY SHew THST PoR STANDARD DEVIFTIONS

GeernTee THAY ABOLUT FB THERE ISA GREATER TENbENcy

FoR RB HIGHER PROBABILITY OF LARGER GUSTS THAN INDICA TED

BY THe Ne@mar DisreBUTiow CURVE,

ute: Ceemac, SE. Aeva,S.P.S.

Yene : 1969

Data :

Veey GEveRAL REVIEW PAPER | MOSTLY ComcERNED wiTh

MedDGL Tests. Paints af inTeResT :-

(ay Fer LARGE R@nucHweEss LeoG REPRESENTATION oF VELSCiTY

PRoFILE Stoop BE

oe Up bose =)
(by Fee apaBatic case

VEG. = 425.

AutHer : Ficure GH, MVewn GE,

Year +: 1969

Dera
Site 4 (Cm) UGr) Lux Gy

Kennesy Space 0.23 13 64+

Centre. 30 log

Go too

90 14.3

120 lao

ISo 100

There IS SeMEe DovuRtT VE-Coeeectr Se VALLE Foe THis siITE.

LesctH scace Lun Texnps ro Pectease FoR > leon,

ESTIMATED AS BY TASQUiLL AND OTHERS !—

1.e. 1e THE NEASLRED CoRQE LATIONS ARE OF

EXPewer Tiat Fon _ -*%

Re =e
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THEN THE ASSOCIATED SPECTRUM HAS THE Fo?n:-

2

» u relyDA) 2 ee a

WHICH HAS AR MAK IMUM AT ; “3

awie ae ae ee CA ee
J et

n

( Am, > Peak vatuc of a)

AuTuee : Gibson, C.H., Wetians, R.B.

ERR IVES

Dara 1 ara Sas
Sire Geos oe
Sea 0.00074 0.003

L Assume “= on yj G=ceow)

Gopmesr? “SESata- tar etely to Couper ious slienrey STABLE |

Hence Low STRESS VALUE,

Rutner: Gunter DE. , ETAL.

Yeae : 1969

Data:

Site, Yom) Leen)

79 44S

230 4130
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Autnoe : Henna, SR.

Yere : 1969

‘Dara :
Cou CARVED with DIFFEREGT METHEDS OF ESTIMATING THE

Bouspaey Laver HeicGnT, THe RotmelAg Fe@USE IN ADIGEATIC

EQUILIBRIOM HAVE BERL Shown TOBE RELIAELE ANB ARE :—

bs oe (U4) PND Be o.coe (4)
WHeee F-G3rious PARAMETER. iS

eg. fer Us= lom/sec B= 0.006 Go) = GOom,
,

Fron ABove FoRMocac O'Nene Data GIVE GeveRally 500 < Bim)s B90.

RernaudeR of DATA stow & To Be oF ORDER 500-700m.

Puree: Hasse, L., ET AL.

Yene + 1969,

Bata : re
Sire yom) oe
Ser 3S 0.00048

[Aseune “= 0.14, B= coom]

RoTwoR: Kamer, J.C. Havcew DA.[RuTHeR , ) ,
Verner : 1969.

Paree GENee Atty CovceERued WiTH EReeQ@S INVOLUED IN

STRESS NEASLLENEVTS . Sive Data of wWreeesT 1S AS FolLLoWS!-

Sire Ym) we Vi lt% Bos (4. m) (ao
Torar EE 0-24 O26 0.1/0 0009 |ooss o.17

“DATA REPRESENT MEAN Of SiTe { MEASURENENTS,

CG MmewTs! Simivarity CF LONGITUDINAL AtiD LATERAL COMPOKENTS

OF TURBULENCE HAY BE DLE Te ClosEeNiss To GReuMD OF

Heasuence Point (7)

Aumee: Lettav, H.

Year + 1969

Detar $ Gwes ESTIMATES OF Yo Foe VARIBOOS SITE TYPES :-

Sire hing atin) ye
eees Houses | 1o 2.14 -

Fiery ceors ere. | 0.14 7.

Save Flats . 0.001 0.000026 27

Svuccerta use ot Foertuia :- yo2 Osh Yo (% = Der Fe. 57)

Gueewts: Fornuce bees wet meory as S64 aun Dees wor

PReEDicr EPFecT of FETCH
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RutHee : Panorsey, H.R.

Year : 1969

Dara :

” Veey DETAILED REVIEW PAPER FREON WHICH THe FOLLOWING

Main Points ARE NOTED :—

@) SerFace Layee ExTeENDS Te y ¥ 100m.

(b) Ainarysis oF MANY ResuLTS GIVE

Viyin = 2s ; VB. = 20 ; VF ug = 12s

() THe valves of NTA). any VO%I0 Show sysTEmaTic
VARIA TiowS FRem PLACE To PLACE WHicH GENERALLY SUGGEST

THAT TeegAin FEATURES SOF LARGE Scate AFFECT THE!

Bewaviovr. (N.B.) (ste arse Zuskovsk), KeavcHenrko 1967.)
(a) Iner Tine SUBRANGE OF SPECTRA WeLL DEFINED BY

Sk) = bee R”
WHEN Ae = WAVE No. Raps /vuir LENGTH > 4: O:So FoR Lowe, SPEC,

= 6.66 FoR LAT SPEC,

@) As wricated in Busch ann Paworsey 1968 ) SPecTes MensueED

OVER THE SEM INDICATE MORE ENERGY AT Low FREQUEKRCIES

THAN spy, RLRaL SPectRA, THis ts ATTRIBUTED To THE

PRESence OF LARGE LoOGITODIMAL EBDIES NERA THe GROUUD

— OUER RoeVGH GRouwDdD SCH SSHIES ARK LikuLy Te BE

Broken ur (ie. Lu, Beceaases as WS MeRuasEs)

(F) Veeticar Srectren,

Fee ys SOm. _ Ry (max) 18 ComsTAUT _ INPLIES Linear mcREese

OF Low WITH HEIGHT

y > Som. - Ry (mex INCREASES WITH Y _ IMPLIES los.

INCREASES LESS RAPIDLY WITH HEIGHT AND

EVENTUALLY BECOMES CONS TAT (Fic. 86a)

Lowe. Seecrea . (Fi¢.S6b)

WWenet Fettow SIMILARITY THEORY PREDICTIONS 1-@. Plot oF

RSuCk)~ Suows LITTLE SHIFT OF Peni VALUE AS y increases

IF SImMmARITY THEORY APPLIED PEAK VALUG WOoULd BE HEIGHT

Derespest, Doe Te wive variation of SPecTRAL SHAPES,

THE APPLICATION OF Ay EMPIRICAL SPECTRUM FoRN To ANY

PARTICULAR SITE CAN ONLY BE VERY APPROKINATE,

Lateran Srectea. (Fic SGc)
ae

Benave Simita@Ly To Lone. SPEC. with RecAeD To THEORY,

Connects: THis auTHeRs PAPERS GENB@ALLY OF VALUE DLE

To PRACTICAL APPReMRcH TS DEFINING THs Bovordary Laver

ST@vCTLRe FReot ExIsTING DATA.
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Rutuer : “Pasquice , Vee

Year : 1969

Data:

Site Ye (m)
‘Rorar 0.03

Urcas {~ 3

Deewen Feo Davesrort awn Magsn (1969).

, Maes DATA 1S FROM MEASUREMENTS AT Reasing eg.

AT oe thse Ni, 20.17 rt
HERCE LSING NE =teS AND QR Pass = dege K is

J. O.7oTMm.

Conneuts, Reapiwe DATA IS CONSIDERED TH BE MORE APPLICABLE

TO RA SuBLR BAW SITE.

AurHee : Siape, D.H.

Yene : 1969

“Date +! — mains ee
an x a oe

Site. ym gli of hin WO,
Faunperraia. i2270 2-6 0.28 16 avi2 41.97

Conments. Reciaaire DATA THAT SHOULD BE REPRESENTATIVE OF

RBAN TERRAIN: RESLLTS AVERAGED quem Lows PeRiods,

Plutioe :Woeemiwne RE. eT AL.

Yene 31969

Data :
Coreer ATION OF EXTENWSWE DATA RE -DRAG oF VARIOUS TyPES OF

ReovoGHNESS ELEMENTS Dara APPLICABLE To EQUILIRRILM D

Data oF INTEREST SHOWW IN Fic. 57
=

WHERE es EQuW, SAND-GRAIW ROUGHLESS

& = ROLGHESS HEIGHT, M= Fac oR ALLOWILG FoR DIFFERENT

suapes oF eLenents ( Kotosnus pup Davipiaw '966).

vemmcal seate ts 0G YL. Veeiaries of Ye 8S

A& Fowction OF FETCH NeT Cons DERED,

Gonnests: These DATA ARE OF IMPORTALCE WHEN ASSESTING

THe CHAQACTERISTICS SF LRBAWD OR SUBORBEAV SITES —

INDICATE IMPo@TALCE OF DEFIIING IN SOME DETAIL THE

TePeGerRPHy OF SITES BeiwG INVESTIGATED.
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TRE Fettowioe DATA HAS DEEW ExTRACTED FRom Senne of

THE MoRE INPERTAST PAPESS FROM THE PERIOD IW7o~ 19T72.

Rumer + Heniwerr N.C.

Year :1970

Data:

Sone of DATA ALREADY INCLUBEDIN SHercaeD (1967).

Prepimesar DaTA ARE MEALS FROM VARIOUS SITES!-

Ste, yoGn> he
Foear. 0.08 0.400

Susuras,wers. 0.43 °.19

Urrew 0.78 ©.23

Te

aw

Darau siTe NeASLRENSNTS OF VG. SrowN To BE INDEPENDENT

OF MNEAY WIND SPEBD.

Autner : Miyake, METAL.

Year + !1970

Data | aR ee cS sr a unr

Srre. ylm) (y,(m)) i el soy, Vin Wee eS:
0Sea 1S BO000G 0.098 0.071 S 073 OS! 0.00036

2.66 aS 1.36

Co-spectea HAVE SLoPES oF -% AT HIGH FREQUENCY END

AWD GENERALLY AGREE WITH SPECTRAL FERN PRePosen BY

Pawofsky axp Mares (176%)

Autnee : Tasavnt, F.

Yene : 1970

Deta !

THe MAIN PowTS FROM THIS PAPER ARE AS Follows :-

@) Dertu oF CosSTANT srRess LAVER ~ Bom. Cie. WHERE BTRASS

CHauces BY LESS THAN 10% )

@) hoG-Law APPLIES ONLY IN CoMSTANT STRES LAYER (Ge

OBv«uov 1984.)

«€) Fie. S8@) Shews STQeSs Te BE NORE SENSITIVE Te CHANGES

IM TERRAIN AT Lew Y — DLE Merely Te REDUC Ties IN wi

As Yy. IncReases. Cesraate FRen R An =bege (%.)- iT IS
Not VERY SES EITIVE To VARI&TIONS IN bat

(d) Fre. S8(b) shows Collec TED BATA Rean VaRious Soveces AS

Fusction of Rossty No. Mest cP va@iaTions ARE DLE To YochAances 5
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(©) Specten Upte y=t0Om, can BE DEFINED BY PEAK SPacTRAL

VALLES OF WAYELEKGTH (oF ORDER Boor boow) AND FRoM :-

DEO = 026 (%)
IT ‘Deewed Freon a er

Sun) = C.u*e’n > , Cr Ol4

mud DissiPanen, E = “Ry Fe@ ADIAB, CondNs. aud

B = Von Kaanaus const.

Ar Lowa FREQUEKRCIES THE SPECTRAL DENSITIES ARE

Very vARIABLE.

(F) SuecesTs URBAN SPECTRA ARENDS DIFFERENT FReM RURAL

SPECTRA.

Autwog: Sitaeanan, V.

Yeae +: 1970.

Data :
Gite coms eke D WAS FLAT GRANGE LAND AT Y= 4m.

Aue tHe Measured SPacteA oBEY KoinoeoRoFRS LAW AT

HIGH FREQUENCIES. THE Co-SPECTRA GENERALLY RCREE WITH

PREVIOUS DATA 1.€. RE-FREQUENCY RANGE WHICH CONTAINS MOST

ENeRcy, oBarinc Kotnocegofrs LAW AND FellowiNG THE

Ferm PReDicTED BY FPRwoFSky AND Mares (/9e3)

Autnee | Teunisson, H.W.

Year : 1970.

Data :
Gescear REViaw PAPER FRoM WHICH MoST SOF DATA NOS

ALREADY Beew covsibeRreD. Main RELEVANT Points :-

(a) Fio.S% stows Lyx 86 FUmcTioN oF Y. - DEBUCcES:-

lux * O40y

WHICH IS GENERALLY WIDELY AGREED ob. i

(d) Data on Lux Anarcysed CSeone DERWED FROM Aw Cina]
\ris DepuceD THAT FoR YP? Reom | Lux 1S INDEPENDENT

OF Teeeain Type, States — ” RovGnness Lencth HAS

LitTee BFRecT ON SCALES 5 WHILE INCREASING LARGE sence

Nen-uUNiFoRniTIES OF THE SURFACE TENDS To INCREACE THEM.

© CarcucaTeS ToRBULENCE INTENSITIES AS FUNCTIOw BF HEIGHT
aa

FReM Bes £ (Rag 34.)
Comment: The PREVIOUSLY TABULATED DATA SHOWS CLEARLY

vHat Lux moc@erses as Yo DECREASES. This Powtis

DiS Cusse_B FueTHee ww THe TEXT. Tre ESTINATES oF

TURBULENCE INTENSITY THRODGH THE RouNDARY LAYER



Rornee

Year

Datr

(@)

24%

HEIGHT ARENeT CoNSIDERED To RE VERY RePeesermMTive

Since THE ExPRESSIoBOS LSED ARE VALID OMLY IN THE

Lee Laveg > IN ADDITiIos ITIS ASSUMED IN THEIR USE THAT

vt BYc ARE INVARIAUT WITH HEIGHT ) WHICH THEY Ree OT
(See Havers 1972)

Sritn, EB,

1970

THEORETICAL PAPER FROM WHICH MAID PoluTS, AS Paliows, ARE

TAKEN :-

Succesrs THAT THE VARIATION OF THE Wind BIR ECTiandy

wits werent (ol!) iS ALMWERe FUNCTION,

(b) Derwes av axPeession FOR BSTINATION OF THE BovwDany

LAYER HRIGHT i-

b= 8x0. (my Dez Geanieur Wind,

eg. For De FWTM/sec.

Bs Boom CGF. Hasea 1969)

(c) Theoretical ESTINATE OF VARIATION OF SHEAR STRESS WITH

HEIGHT t-—

() Peo Soe eine ele Cos Yo
“SER yr0 t 14 0.64 036 016 004 ©

(A) The eate cf Reear to Vera ereacsces ( Breed ow Uo)

cA Be DERILVad t-

Foe Roray Yor O-om | URBas Ue= 2.5m

Trew Unvow UP = 4.46 EF 1S¢ from Prseons (970)
Roeac vt

Autor : Antonia, R.A. Luxten, R.E.

Year 97

Darvas
“PaPeR MAINLY REFReRED To FoR DATA ow vARiATios oF Lux AS

Fusction oF ROUGHNESS FROM FLAT PLATE BOUKDARY LAYER

MeAsugeneors. Data nave BEEN SCALES UP ABSUNIWC FULL

S@Le BouwDary Laver HeicHt oF GOom (Fic, GO a)

Lune Cm) Lux(m)
Cm) Reucn MOOT H, ya Rovon Sheer

he} 33 168 300 234 23

Bo 1so ee 360 220 220

so 138 eDl 480 les (es

loo 204 224 Soo 130 1306

Roo 242 ad2
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\r CAN BE Seen THAT THE ROLGHER SURFACE DECREACES Leone

anp Tuar ree VE >0-40 , bux Decreases ps ¥ Increases;

ABove THIS HEIGHT THE ONSET OF INTER MITTBiCY IN THE

TeRBULebce BEGGING.

Comments: Iris Assunem THAT TNE SmeorH Flow Dara ARE IN

FaviIlLipRrion , WHEREAS THE RovGH SL@FAaAcE DATAARE NOT.

Rotrer : Counee, M.S.

Meare : 1971,

Databi ane
Sire Yelm) _ylm) %& en Lux (m) (om)

RAE Berd, O.0§f0~ 3.08 O16 0.22 40 oos

0.037) 31S 6.19 80

18.3 o.1s iso

30-S 0.17 220

o-6F

Derwes :- Las ~ 2hiy

t/a
Gerke hu. = £( Cadence)

Conneaut: ee MAY BE SUER ESTINATED BDVETS RESTAacTey HEIGHT

RANGE CP NERSUZENEBUTS 5 In ADDITION THIS SITE HAS MANY

SBSTRvcTioNMS NEAR MEASURING MAST,

Burnek : Durren, TA. evar.

Yee =: 1971.

Dara a
Sire M4 Yelm) AS FuvCTieN OF WIND DIREETION
Kenneny Sence 0.2 S @) 0/59 _ Dense Weors _ 180" ~ 300°

Centre (b) 0-039 — Low sceusjsand — 200 ~ Io”

) 0.121 —Low Trees pummecks— 90" ~ Ito

Rotter : Haers,R.1.

Year 197)

aes Lugo
Site (yor ) _uGm) fa. teal L use (m) orn
Ruesy 0.08 Oni82 0.172 NeCuawee

Ie 168 Ss? 9

loo 226 GS so

\e2 2s2 Wate i

Variation of TURBULENCE INTENSITY WITH ym Fie, God.
eee
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Ornee MAIS PoINTS!-

@) Srows Jit Basen on Uo To Be RELATIVELY INDEPEWLD ENT

OF Termeni tTrPEe:- AT Yrlom

VA. + O-10G — Rorar

= o.us ~ Des,

(by Estimates of Lux as ty, Yo) SHews IN Fie G1@) aunt)

( VARIES In ESTINATES — see HAegis 1967) ‘ Howevee Lun

INCREASING AS Ye INCE BASES Does Nol ACREE WITH For

ScALEG MeASvLAENENTS.

©) Assenss FRon Homocewaous iSoTRePic TORBLLINCE THEORY THHT.

Luy = Lug = % Lux

Furr scate MeASLRENeNTS SHOW ,ASBAWE NoRE TRLE

xLuy * os~ oe Lux

Lu; =~ 0.3~04 Lux

(See eg. Smorasr 1467 , Deacow 197/.)

(hd) Estimation oF Ue FRom TuRBULauCce DATA \-

TeX s Cons,
Re Wy = Conus. “H 2
oe Jit = Gons (R a (e- (“74) — DavenPoer iva |

Rurner : Haveen, D.A. era.

Year : 197),

Dara

Sve. Cu
Roear S66r 1303S

Grovece) 22-6 Grance ,

RotweR: Ortvar, H.R.

Yeae_: 1971

Data :

Se Hoon) hom) oo
Weevs °o-9! 15.5 8

Tees /tont)

Choire ‘Dottren 1971 FoR DENSE weeds)

Forrewine DeRKivebi-

yrCo-at + 3-2R )m Gieccie)
> a =—_

TR. a Richarasen Ne. at Yt resem, Cv unsrance T4VE, STABLE)

Matveeity oF PREUICUS DATA HAS SHOWN Yo INDEPEN DENT wer Re

(cours BE scare crrect?)

Conmeut Tuts vacve et Me Re WeedeD AREA SeBNS

Reatistic . (CF. Beeoknavew Data)



re

Rurner! Owen ra 8

Yene_ : 1971,

Data :

Re - ceentic BeHaviour oF U-SPecTRA AT Low FREQUENCIES {~

AMSUHING THE BovmrvARy LAYER CAN BE DBWideD into

INNER AND Ovree LAVERS ITHAS BEEFY SHOWN THAT THE

LARGE BSDDIES IN THE CUTER LavaR OBTRYUDE INTs THE

INNBeR LAYER BUT Bo Nor comTRiIBUTE To Hom BuTUM

Teas sFee OF BHEAR STRESS IN-THIS LAYER, THe STress

BesQicG SPBies OFTHE INNER REGIONS HAVE AR UNIVER SAL

STRUCTURE Im RELATION Toe WHICH THE LARGE OLTREe EDDIES

PReDYCE MOTIONS OHA LARGER KALE WHICH ARE RAGDOM

12. WITHOOT DEFINITE PATTE@RS 5 HENCE THE RESULTANT

SCATTER im Low FReEQVEvcyY SeectRAt BATA.

Autre ! Harris, Rl.

Yeae : 1972

Data :

Sire yond h Gm) Yom) he Aa Lus (m) Lu im)
CRANFIELD, O20 0-02~O:! 0.003 0.10014

1o 0.137 12S 3s

20 0.126 147

30 0.121 —

Stveen Be. So se

Mager

Park. Susurss . o.28

Rucay. 25 O1+0-2 OOR-0-14 0. 16-018 ee?

sO 182

loo 2s0

ns 250
ee eeAs y 'ncReases Vii AnD Vit START Te DECREASE.

Cones. in tas paper Hares quores Yo VALVES FeR GRrts cover
Mos TLy IN RANGE 0.02 ~ 0.63TM,. By apruviwe EaQuLRTION

oF Bracka>ae ann CHartin 1Ve7 jo Fo@ RocRy SITE 13 Found

ToLig in same Rauce (he O02~0.0am). However bara

Quote Db HAS MOSTLY BEEN SCBTAWED FREON MEASUQEMEUTS

IN ReSTerc TED HEIGHT RANGE ve BQovUALEST Te Comhipesiug

PLARGE UPSTREAM FETCH OF JUST GRASS | FeQ THIS

Condition O-O.2< yo <O-o3 IS QERSONA BLE. THeeeroce

Fee THe Kocuy site ) CONSIDERING (TS ToPEGRAPHY ALD

u RASGE oF WDWaATA RB \TM GF OO6Bm SEENS MoaSE RPEABRGATIL



See

Aurmee: Kaimac, 7. C.eta.

Yarne 1972

Dara :

Most UPte DATA AND SYSTENATIC DATA ON Power sPected

MeAsugenenTs. AutHe@s HAVE DeQVED FERNS oF SPECTRA

Fen x TewSive FOLL SCALE NEASUREMeAWTS | Deaved

EXPRESSIomS FER SBPecteR ARE Stew TT? AoREeE

Geneesiiy WITH SPecTaaL Data MRom OTHER mouRces,

THe Fotns oF THE SPEcTRA ARE sHOwWN IN FIG. 62
———

ASD THE ExPRESSiews DEscRiBme THEM FoR NEUTRAL

Cow DitTiaews (ie. Ge= Gel wreee a Rye as) RRE
AS Fellow s!—

n Suc « los £

Ne Cit 33 £94

ns (n) om wt
tLe C+ 4s Fy

nSu(n) ia ef
We |

nSw(n) = 4
usr (i+ 4eF)?*

Autrer : Pasquier, F.

Yene : 1972

Dma. :

Review PAPER MOSTLY CONCERNED WITH VERTICAL COMPONENT

OF TORBULENCE, ALSo DISCUSSES BENE NEW APPROACHES Te

Bounpary Laver Description. Marin Retevaur Pots ace

AS Follows:

(@) Mechanical PReDucTion: OF ENERGY TENDS To ZEeo AT

APPROXIMATELY GOOm. (1.6. AT WHAT HAS BEEN TRKEN AS

THE AVERAGE BevuseparRy LAVER HEIGHT Fo® NEUTRAL

CeNnBitions.)

= :

@) Fer ys loom | RO Is Rance 12414

PND ; ZG. Sw RaVCE GDI+ O2 NEAR

G@ousd LeveL.

AurHee : “Panorsky, H.8:, ‘Pereesen, EL.

Year : 1972

Data :

Suse ests low Lavee Is VALID Ree 4 UP te loom, CSurrseren
By Thontice anp Lappe 1964 Ano BATA PRON Cape Kohussuet



2.33

Autmeoz: Warner, J.

Yeae : 1972,

pData : — Near seuteAL DAT! SHowN HERE.

Site YCm) Wy We (te, )
Sea 3o 0.04-005 0.08 0.1012

Tre VARIRT Ions OF Lu, WITH Y HAS ALSe Buen
DERQIUED AND GENERALLY AGREES WITH THE DATA

oF Téusssew 1970 E

Aurmeg: E.S.B.U. Data SHeat No. 72026

Yene : 1973.

Dara ;
Pome '

Sire. date) TLS
Sun, Comstar A@ens , DESERT, 0.004 ots

Funt oan COUNTRY, GRASS Rains Few oBSTeNCS, 0.04 os

Tetenw with NUM@@nUs SHALL OBSTRUCTIONS

12, Hepes TReus etc. S119 o.19

Sosuees, °.80 0.26

Cemtees oF LARGE Towns, 4.50 o.35



Arrendix. 3

Dara Prorted iw Fic. 63.

2

Sympou, Sovece Site KK YoCrm)
a Srevensen | 1880 Open Teeenin 0-143 0.0014

Cerear 0.166 0-048

b Dines , 1912-13 | Faanzeroucn 0.33

c Win » 192) |Buy Bunion 2.130 o.0144

d Scrase 1930 |SpriseervPian| 0.13 ~ 0.143 2.04

e Heywoed 1934 | Lenriecd o.17 0.60

£ Gietett , 932 |CarpingTen | 0.128~ 0-143

3 ‘Best ass ~ 9.130 O.014

h Feost , 946 ~ 0.143 0.01

0.143 0.026

4, Feost , 1947 | CrarpincTen ous O.04

4 Huss, Foerman | 1948 A keow 6.22

k Suotani , 848 | Tokio 0.40 4.00

ba Francik enpercee, 1949 | QuickBerRn 0.2038 0.224

TM Lertau , aso Lerze 0-23 °.0s

n Suereagp , 1982 Sea ©.122 ©.001

aes , 198s
° SHeetock , 1953 | Ann Arter 6.093 ©.003

p Joon , 1984 | Gat Isuanps | 0.105 ©.00S

q Weer , 1954 {Carding Ton 0.9032,

Deacon sss | Sacre O.16~ O17 | 0.02~0.03



Se

T
Symsot Sovece Site is Ye (rn)

Ss Kamei » 8s Takio 0-33 4.850

- Wax , '9S6 | Seas Land 0-236 0-186

u Gortarev , 987 Casrian Sea 0.081 2.002

vw Lettau 1as7 | O Nene 0.17 2.01

us Panorsky , 1987 | O'Neiee ©-007~ 0-04

BreokHAven | 0-23~0.2S 1.60

Ee Jensen , 1988 |CoPeNnACEN ©.3¢ asc

Hoser o.44 0. o00138

Freesiau 0.182 2.003

y De Marrais , 1959 | Hanrerd ©.12

Harweer °.08

IpaHo °0.18

& Sin cee 1989 |Beeoknaven ©.2) 14.00

a |Aeme,er ac. 1960 | Lenwerab ©.32 2.46

i

b ees iqeo} O'Newe O.16~ 0.17 0.00658

TAKEUCHI 1901

. Re

ce Doeest i960 | Carping TON 0-012

t

qd Davenport 1960 | Sacre 0.176 0.02 ~0.03

Caepincton 0.149 0.012

New Yor oO. 39 3.30

Lewaig 0.23 0.38

‘

S| Granam, Hurson, 1960 | Brook Haven 0.25 o.60

New Orveans 0.284

WArsHING TON 0.235

Water ons 0.0085

7

£ \vanov 1961 Moscow 6.303 3.00



aS

SmBot Sovece Sire a YyeCm)

gq Pasmoitt 1961 | Round Hae, = >a010

Downcans . = 0.074

HY TakeucH » $96) O'Nenc, 0-10.17 o.cces Ck)

u Deancen 1962 | Open SEA. 2.10 0.0028
(nu, e!)

4. Kendo 1962 |Sennar Arerrern. - ©.004S

Cae DING TON 9.0033 (7)

Be | Narre eran. , 1962 Tekio. 6.33 4.0 (k)

L’ Pasa viet 1962. Por Ton. = 0.008,

TM Snie Tan 1962 [Tex sugveas, °.2s 0.40

n By zour 1963 |Roemt |Fuat. | 0.30 (7%) | 0.ons

° Panctsky 1963,| O' New, o.16v0.17(K)| o.c08

-p' | Kawanaze , 1964.| Texio, ©. 28s 2.32

Coasr. o.u7 0.044

;

Y Lunvey, Panorsky, 1964.| Froond Hie, = 0.10

- Sincer 1964 | Broornaven. 0.22 1.0

s Sona 1964.| Toxo, ©. 302 ese

t' | Trower, Laree , 1964 | Cevae Hi, 0.143 0.03

=

ul YhnorieteSemanwici, 1964 | Tonio. 0.302 (s') 1L4seles.

wv Bernan, 1965 | Rounn Hur, = 0.10% 0.04

Caepwcten, 0.149 Ca’) 0.01

Space, 0.176 (d’) 0.028

w Buackapae | 19S Han Ford, 0.12 (y) °.0S



3,4

SymBot Source Site Zoek, Yotm)

2 Davenport | 1965. | Lonnon (Onr.) 0.36 2.42

y [Devanp Bivkowski, 1966, | MinneaPetis . S31 Ror

Lours vite 0.26 Zot

Cs Erpeenin , 1966. | Hanford. °.12 Cy) 0.028

A Kravs 7 1966. Sern 0.40 (U') | 0.0001

B Davenrer T 1967, | St Lous. o.28 17

MenTREAL. o.28 4.0

Cc Evpee kin 1967. | Han FoeD. Oe Cy) 0.03

Liwerar. - 0.04

oo Feizzoun 1967 | BrookHaven. o.23. 14.0

e Pravrisen 1907, Sen. ©. 14 (Haan) | o.cco6

F Sneccees 1967, | Menpce shan. Os liv. °o.13

G Se Tan 1967, Sen. ©. 11(Menn)| 0.002

H Voixev, Ivanov, 1967, - 9:3S 2.70

1 Hreris 1968 | Rocey. O.176 0.07~0, 08

T Jones etar., 1968 | Lwee Peer. 0.2) 1.23

K Munn 1968 | New Yerk, 0.32 (~) 3.3 Cw’)

ie Burceapae eta, 1969.) Write Sanas. - °. 07

M — |Ficntt, MVenuw 1969. | Kenneny S.C. - °.23

N Pasaure 1969, Urean. _ 1.0 ~3.0

° Scape 1969 | Pavavecenia, 0.28 2.6



Synpou _ Sovece Sime _%e — fe elie

+ Corner 1971 | RAE, (Benross) OG 0.02

oe Doren 1971, |Kenneny S.C. o.2s 0.23 (TM)

R Hareis 1971, | Roesy. ©.17 0.038

iS Haeeis 1972 | Ceantiecs. 0.125 0.003

Rucsy. Cselae ©. 44

o.es(mMean)| 1.23 (5)Soaoe as.



Arpenpix. 4 4.1

WHERE SuFeICIEST DATA IS NOT AVAILABLE FReM WHICH To INTERPOLATE

THE VALUE OF THE TURBULENCE INTENZITY ATA HEIGHT CF 30m. THE

FolLLowING HETHeD OF ESTIMATION IS USED. THe Data o® Gherani (198%)

IS USED BS AW EXANPLE SInce SPEIC (LA0T INFORMATION 13

CweEen FROM WHICH A VALBE OF Tot BULENCE INTENSITY CAN BE

INTERPOLATED GRAPHICALLY , ANTS HENCE THE ESTINATED VALUES

cCHeackeD.

Site :- Snow coveted

wee
yon) uw

7S O1ISG

MW 9.120

t= 0.063

@) yolim,

a lswe, > Oege 34 ¥

v. bage Y= a34
Gwwe y. = O.co2eTMmTM.

AT Y= 30TM

7Sm.(by



42

Ww 4s 3Om

rN

(JeKi nom = 0.099

'

* Rege Foor

Meas vatvoes Frese (a) asp ) ARE :-

(SE) som = 0.103 Ye = O.0019TMm.

©) GraPuicaL INTERPOLATION ©F TURBULENCE INTENSITY

eT Y= 30m. Cwes—

(ia) = O.1400~0.10S,

Note:

INTHE FOLLOWING TABULATED Deta (E) etnee

InprcA TES i -

Ye ESTINATED FROM GIVEN TORBoLeEXx DATA

OR iS

( Bare EstineTen FRE A Ges ROLGHMESS LeRGTH,
The Rauce OF ROLGHMESS LeweTHS OvER WHICH SLOCH

SESTINeTES ARE CoNS(DBRaD Te APPLY IS DIS coss &D IN THE

MAN TEXT. THe oTH@R values oF TORBLMVcE NTENSITY

AT Y= 30m. Have Been OBTAIWED BY EITHER INTERPOLATION

ORAMOSDERRTE DEGREE SCF EXTRAPOLATION oF AVAILABLE

HEASORENBLTS.



Areenaix. 4.contD.

Data Pootted in Fic. 64.

4.3

SomBou Souece Site. (We Teva YyeGn)
a Best, 1938 Roear. 0.1049 °.01

4 Swotani, 1948 Snow (7) ©.097 ©.004 (E)

c Ceraner, ase Sneuss ETC. 0.142 (Henan) | 0.026 (E)

o.\e2 CHax) | 0.120 (Ee)

d SHEPPARD, 19S2 Water. 0.122 ©.0014

e MSCeeavy, 1953 | Taces erc. ©.1SG o.es ()

+ Shretans 1as3 Snow, ©.103 0.0019 (E
,

g_|LettayDauipson, 1957 | Rurac ,Funr. 0.134 ©.007S

h Dorst, 19¢0 | TRoeat, Firt. ©.128 0.0065

e ‘Davenport, 19et | Roeac, Frat. °.14S o.02S

j Wanou, Kunev , 1496! Lasgen. 6.275 3.00

R. | Pasavict, 1961 | Downrann. o.2s (E) 0.04

y Konno , 1962 AreriecD, oud (e) 0.0045

Porat Fiat o. ue (&) ©. 006S

Roear Frat, o.No (EB) 0.0933

TM Paseavit, iae2 | Roear,fiat, | 0-122 (©) D.008

n Suiorans , 1962 | Superns. 0.222 (te) 0.40

° Byzeuvn | 1963 | Roear, Furr, o.14 8.0NS

P Kawanase , 1964 | Uren. ©.391 (€) 232

Coast. 0.183 (e) 0.044

Y Loney, PaweFsky, 1964 Woes, 0.240 1.00



4.4

Syngot Sovece. Site. (SEA a) som. Uo Cm)
£ Sincee ) 1964 Woeprs. 0.28S 1.00

pe

. Senn, 1964 Urnan. ©.20 (0.398) 2.32
}

F
is Yanansro , 1964 Uecen. 0.345 (8) 1658

Suinanorer,

uw Sumison, Ceanee, 196S | Bevsy smap-buwes 2.20 0.07

Va Evpeenn, 1966 |Rorac Frat. 0.42 0.0258

us “DavenPort, 1967 Woeps. 0,27 1.00

Isyoneyv,

ae Sheard, 1967 TRorear, o1R

y Srorant, Arar, 1967 | Const. ous 9.002

3 Geanan, 196% | Urran. 0.32 1: SiGe’)

a Hareis, 1968 Rueac. 0.14s Ons

t' | Kamer,Haveen, 1969 | Rorac. 0.17 &) 0.0e5 (e)

cc) Suede | 1969 Uesan. 0.30 2.60

d' Conee , 1am | Roeac, 0.17 0.02

e' Haeeis ; L927; Roear. °.0S 0.02

-' Haeeis, 1972 | Roeac, Frat. 0.121 0.003



Aerpendix 5S Si

Data Frotter in Fig. 65.

Sympot Sovece Sire Mon Ye Gn)

a Trayver , ISG Roear, Fuat. | 0-d014~0-00%0 | 0-04 (Aseuned)

b Scense, 1930 | Genssumnn. |o.ccis~o.00iy | 0.014

c Sueernep, 1947 | Rurac. 0.0030 (mens) | 0.05 (memn)

A Pasauitt, 1950 | Grass. 0.0016 0.0066

£ Suro TAN i, wo Grats, VEGETATION, 0.0024 °-035

f SuerparD , 19s2 Sen. 0.001 0.004

gg |Snerragp,Onar, 1952 | WarTeRr. 0.0004 0.004 (Ass)

h_ | Deacon, 1983 | Grass. 0.0021 0.015

ib Hay, 19s4 | WaTer. 0.6006 0.0010

4 Monin, Osuxwev, 1954 | Rorac, ©.002S _

ke | Ree, 1954 | Rorac, fiat, | 0.00083 0.0832

u Evrisen, 19sG Foeac. 0.0013 —

m Deacen, \9s7 Roear. 6.0022 _

n Lertav, Davipsen, 1957 TRorar, FLAT, 0.0017 0.044

° Vinocrabova, 1989 Sea. 0.cecS -

P ‘Dencon, 1962 Sen. ©. CooS —_—

4 Byzova, 1963 | Rurar, erat, | 0.0017 o.07

i; Sineer, 1964 | Woers. ©.0032 4.00

S Sonn, 1964 | Urpan. ©. 002 232)



5.2

Synpot Source Site Orn. UelTMm)

iE Toorvier, Lappe, 1964 Rorar . 0.00145 0-03
’ 2

uw Bernan, 196s RoeRac. 0.0028 0.07

wv “Bunciaparetat, 19S Woobs, 0.002S 4.00

Rorar. 0.90012 0.0S

us ‘Daven Poet, 19es Urpan. ©.0016 2.42

ae Evperkin, 1966 Rorar. ©. Coles 9.025

y Kravs, 1966 Sern. 0.00036 ©-0001

3, | Frizzotn ever, 1967 | Woops. 0.0025 1.0

a | Favisen, 1967 Sen. 0.0006 ©. 0006

bo | Seuta, 1967 Sen. 0.00035 -

ic Werner, Borne, 1967 Sen. ©.900S2 =

a |Giesen, Wiitians, 1969 Sea. ©.0003 —

e |Hasse era. 1969 Sea. 6.00048 _



Rerenpix. 6. 6.1

Dare Proten in Fic. 6b.

Syn pou Seovece Site yCm) hguee Cm)
a Tayver , as Rorar. 10 7o

4 Gisvets, 1932 | Tora. Fiat. Isvas 4120

e ShioTAmt, 1942 Rorac. o~SoO TS~l07

Lean. Bo~ 6O 100

da Stieraws, 19S0 Geass veceTanion Oo~ le GO

e Craner, 1952 |Teees, Busnes. as 12~12

£ Peiestrey, 19s2 Rorar. 2 IS~20

3 SHEpprrD, 1982 Water. a le

h Mc Cewapy, 1983 Roear. 2.4 qo

146 420

i Rosinson, 1983 Rorar. 13 12

j Suietrant 19s3 Snow 44 Bo

a>: Jo

h Tayier, lass Reeac. Ss a4

23 40x10

es Wess, 198s Roeac, 24 ad

TM Hay, Pasauint, !9S9. Downcand, 2 20~40

Ty Dravenrert, 196la | Roaac, runt, 16.4) Ire

Woes. 4 a6

46 108

1oB 1se

ies 144

Rvrear 42.2, as

ot 7o

133 ios



6.2

Syntou Sevece Site yom) Lux (m)

° Ivanov, Kumeu, 191 Ursan. eS 2s

So 40

100 es

Iso 78

200 BO

300 100

Pp Paseo, [9el. Rureac. eT ye

30 Go~l30

a ue

y PanoFsky, 1962 Roear. a 2o

30 Cor 130

r Sona , 1964 Leesan ac 7

C7 22s

107 204

m3 230

2383 A227?

Ss Beenan, 196s | Various siTes, oP 2G

+ 31+)

ie $3.4

1s 72.4

1G 44.6

23 Sss:s

30 32

46 96

4 66

a 134

1s3 74

Weens. 16 Be6

64 GG

Rveat , FLAT. Is ae

Roear, lo ss

46 96

t Evpernwin, 1966 | Rorac. 3 12.2

Gl 24.0



Sympeu Sevrece Site uCm) Luxwdm)

au Davenrorr 3 1967 Ueran. 76 iio

iy Evperkm, Lae? Rurar. 3 16

<] =o

a IG

oe) Be

us Frrzoun erat, 1967 Woors. Qa 73
46 146

92 212

uw Suierant, \9e7 Const. 40 HAS:

y Swmeee ETAL, 1967 Woods. ios a7

+6 \aa

a2 BEG

3 Sita 1967 Sea. Ss 18

a Vou kevit save, Roear (2) toz Roo

\vanev, ed 40 Bos

3S 400

a Buscn, Pemerscy, 1968 Geass, ies lee

ao is?

Woops. is 60

46 120

Roear. +s 1%

Sen. a 27

3 42

c' | Haeris, 196%.| Roear. 7-7 5c

100 So

132 100

a Ficnti, MeVeni, 1969 | Saruns rRees . 12 o4

30 108

co 400

qo 143

120 120



6.4

Syntet Sevece Site um) Lux dm)

a ” 150 100

e Gonter, 1969 ? 73 us

230 130

£' |ReromnaLoxren 1971 | WT Teats. 10 saa tes

30 100 48G

50 {2B 204

100 204 224

Zoo 242 242

300 234 234

360 220 220

486 18S 18S

Goo ie Ya) 130

3 Couner, 19771 Rorenc. 3 40

aS BO

1g 1So

30:S 220

h Harris, 1971 | Rurac. 1g 1GB
100 226

iZe 2se

i’ | Hares, 1972 | Roeac, creat. 10 12s

20 147

30 =

Rvear, es 127

So 182

100 2So0

Is 250



we

Rreensix. 7.

Theorerica, Eammates of tne Lencty Scare Lay

Haerise ExPRession foe THE Looe. SpecTRun IS :-

a es n&
neon “Fue Cercoe| (x= Se)

Sense Rae Edn ie il

he a : an = oa dx

Subst. wy 1 Jor 9 ana dn

BLP _

ae 4u, CET a

( S(n) dn = Au ote

or

WW, -% Gea) = “Laur frtisn im

which reduces he:-

IA, Reese SR Uwe:
we iS

&

aut Re = a7 ti.)
a Ko a

I, - 25a Kio Wig
ay

Faas THe Power Law:
ma ok
Us p_ y

atin Ce)
A — Mok

WA, ~ 2sek (%e)

K rowing Wye Cis THE VARIATION oF

THE TUR BvLLENCE INTEN SITY With HEIGHT CAN

Se SSTIMATED.



Fron Taytoes uvrotnesis :-

Lue > fy T

'

Auk han Rey a

Las Gy ark Crigae
2s

It nas Been SHowoOw IN THE REVIEW LITER ATURE THAT

Tre Power SPecC TRUM AND ALTO ORRELATIOW FUNCTION ARE

Fovere TeamsreQns of EACH OTHER , HENCE!—

o

S(r) = 4 { R& Cos 21n & AY,

AND AT Zeke FREGLENRCY |

“

SC) = aa Rx) ar

Niue 2 oy ; Sle) — 2.
a ee

Suce: SlnVany a. aK: Ugg 1200. dn £= 200mi. ie (eee C )
S(o\eu= hase k Wi, Crs

Subst. tn 2.

Maye GTS. Kal Sri.

av

Powers BA ae Dn
=) a,

Subst. fer

(*2 92) “Lies k (%)
%

Lu. = 101 nr ae



ws

Herce Luan) can Be ESTIMATED AS A PLECTION OF

“Loaxp y tn

vy ODL easo, So 100 200 | 300 | Soo

O.143 118 | 127 | {40 | 155 | 164 | 177

©. 21 127 | 142 | 163 | 190 | 206 | 230

oO 28 136 po) ise. 234 261 300

Crenery THE THEOR eTicaAL eSTImaATES PREDICT THAT

THE LENGTH SCALE IN CREASES AS THE TERRAIN ReUGHneEss

5

Con A) iIncRensesS WHicH Is RT VARIBGCcE WITH THE

RESLLTS OF THIS RELIEW AND ANALYSIS.

Tes. AS ATTRIBoOTED Te THE Choice OFA Cons THOT

VALLE For a , INDEPENDEGT OF TERQAIG TYPE, Which

eccuRms nN THE xP Ress low FoR THE sSPecreom,

Chto neereuin Mine U=ecr. 4 6CEauis, 4a)

Meee = Const (x).
wHERe THE ConsTROT is AQ Fouctiess ef THE TERAAIS ROUGHWLESS,.

RAlise meee cormeactty Feen Eaus. 4a

the

Lu, °c Cy)

whereas Sapove Gwes:-

Vs & G ole



ATMOSPHERIC BOUNDARY LAYER SIMULATION

SURVEY OF METEOROLOGICAL DATA
Fie la

c A ADIABATIC/NEUTRAL EQUILIBRIUM

\ B UNSTABLE
‘ C STABLE

H

(HEIGHT) \

\

\

STABILITY CONDITIONS OF THE ATMOSPHERE

ie Le
T (TEMPERATURE)

VERTICAL AND HORIZONTAL COMPONENTS OF THE EARTHS ANGULAR VELOCITY



6.0

4.0

2.0

OPEN GROUND; (a)

Yo = 0.13 7em(0. 0541.)

GRAIN.O.3m (12m) HIGH:(b)¢.9 GRAIN. 1.07. Gin.) HIGH:(c)6.05

o = 2.27 cm. (0.895in)

4.0 x 4.0

/

2.0

LOGe y o

-6.0

wil

/l- T fe/s (b)
10 20

x
L

15 U

0 / 10 20 30ae A 30 40

u-2.0 _ By et et HS

4.0 | 40 Lo

(REF. STEVENSON 1880)
mn

-6.0 |_ a

ro

6.0 L_

ATMOSPHERIC BOUNDARY LAYER SIMULATION SURVEY OF METEOROLOGICAL DATAFIG. 2



Rice

ArmoespHeric Bounnary Laver SimpLATION

reorotecicar Darn.

Recurring squalls Aberdeen. An anemogram obtained

Aberdeen on Janusry 1, 1908, showing a succession of twenty-seven ‘ squalls
in ght wind between 10,39 a.m. December and 6 a.m, January 1.

intensity of the squally is not as the highest velocity is less than 30 imil-<

per hour, but thy squally fluctuations as distinct from the gustiness of she.

period are well marked.

WIND CURRENTS BEHIND STABLE BUILDINGS

AT PYRTON HILL.

—. = The height f te Surface
(0 Seperation tor tt

ce ro at cae ee

~
~— Revecned Current

sat 35 mph
~ aa large Variations

oa oy
ona at

= —_ iron

Diagram showing the “cliff eddy" in the neighbourhood ol

a stable at Pyrton Hill, due to a 15-20 mile wind blowing on the side of the

building.

CRer. Sun w 1914)



ArmosPHeric Bounsary Layer SimvcatiDNn
-

fF Meteoeotocicar Data.

Calculated Curves

GRADIENT VELOCITY

wg +R S
*R

ay “e
oR

2 * 6 *
WINO VELOCITY IN FRACTIONS OF GRADIENT

720° 10"
WIND DIRECTION

‘°T GRADIENT DIRECTION

Observed Curves

GRADIENT VELOCITY

|

|

‘|MeTRES

|

2400

"2000

1600

| / 3
-

3
2

Bi

400 Te

at fe $
fie Jee . i

10 2 + 6 6 0 2 “ e 20° ne °
WIND VELOCITY IN METRES PER SECOND WIND DIRECTION

CRer. Tawi.or 19/5)



Riges:

MOSPHERIC Bo az ,

Survey of MeteororocicrAr Data.

T | i
i

i

i

'

we 8 5 ot

Poe

i f
z is

+
s

9
uw

i 3
e oo ais

735]7

bye. A sstevenson’s
I pPronmice

1 ae
L i :

° a 2 ci + s s 7 6 . oO cy ry

RATIO OF WIND VELOCITY TO WIND VELOCITY AT 10 METRES.

(Ree. Cunernan 1919.)



Fic. G

Artmosrre ric Bounnary Layee Simpearion.

Sorvey or Mereorotocicat Data

Discontinuity

Compression ~~

of Tubes of

Flow

Ground,

Cin ees ee

Resulting

Jdeal Pressure Tube

Anemogram

CRer. Gounie 1928)



Fis.7

Armospreeic Bounpary Laver Simutation.

Survey of MeteoroLocicat Data.

Lareean

Vs oe
te ec ter?

feos ewe UMBT REO.
OBTAINED WITH A SMALL

KEKENT HEIGHTS ABOVE
Vyrreat ons

PIEDIRECHONAL VANE A

THE GROUND.

CRer. Scrase 1930)



ArmospHeric Bounpary Laver Simulation

Survey of Metreororocicar Data.

1

wy WW Naw
TIMEi ayn |\AntryY TV GO sec. Nass aa

|

AN. asHee
60sec.

2

2 bh 4
Ss 4 sf
PES L

4 ee 8 4
3 48 442
4 aS -

eS
+1 mS 7

(998/44) ALIDOTaA

re

SIMULTANEOUS RECORDS
1930.)Cher. Scease 1930]



(K~ Measure of Turn. Intensity.)LOG, K.
nian T

= S.

ws wn

Fie 1

ArmospHeric Bounnnary Lavee Sinvcation.

Sorvey of Mereororocicat Data.
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ArmosPueric Bounpary Laver Simutation.

Survey of Meteoeotocicar Data.
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Fig. 12.

Atmos PHeric Bounpary Laver Sinut ation.

Sorvey or Mereorotocicar Data.

Heoritontal ia 123m, Storpal

Wind records from Hommelsheim, October, 1928 Changea in velocity

with time al different sections. Seale on the left metres, large figures

on top time in seconds, small figures on lop and below velocities in

metres per sccond; dushed areas: negative relocities (motion against

the wind).

(a) and (b) vertical sections, (c) and (dy horizontal at a height of 25 em.,

(e) and (f) the same at 125 cm., (a), (e) and (¢) taken over stubble field,

(b), (d) and (f) over a field of turnips

CRer. Scurmt 1935.)
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Armospueric Bounpary Laver Simucation

Survey of MeTeorotocicar Data.

Oo te uke i 4 4 sec.

“ Gust spectra,” amplitudes of wind oscillations of different periods. A=observa-

tiona taken at Aspern (acrodrome, flat grass land), HS=Hommelsheim: (over

stubble field), HR=Hommelsheim (over turnip field). The figures near these

indications gire the height abore ground

Ree Senna 1935)
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ArmospHeric Bounpary Lavee Sinucation

Sorvey ot Meteor orecicar Dara.

ae
~Relation between surface wind direction and roughness

CfRer. Rossoy anp Monreonery 1935.)
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Arnosrneric Bounpary Laver Simucation.

Survey of Meresrorecicar Data.

CHANGE of wind velocity with beight
above ground as found by different in-

vestigators.
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ArmospHeeic Bounsnary Laver Simucation

Survey oF MereorovocicAn Data.
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ArmospHeric Bounnary Laver SinvLarion.

Survey OF Mereorot aGic AL Data.
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AtmosrHeerc Bovnonry Laver Simotation.

Swevey or Metecroro Gicar Darra.

(a Rer Paes cHee 19.37.)
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(Rer. Reicuarnt— 19338.)
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ArmospHeric Bounpary Layee Simucation.

Survey of MeteorRovocienr Dara.
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Fie. 20.

AtmospHeric Bounnary Laver Simucation.

Comparison of National Bureau of Standards and National Physical Laboratory

measurements of the spectrum of turbulence, plotted non-dimensionally.

‘At left, NBS values 40(-) and 160(++) inches behind 1-inch mesh screen at 40 {t/see.

‘Atright, NPL. values of ((n) from Table II of reference 21, Ls from reference 20) 82 inches

behind 3-inch mesh screen at 15(-), 20(%), 25(-+), 30(A), and 35(C)) ft/sec.

‘The reference turve in each case is the curve
r(n) 4

4?

Aeon.
where [isthe mean speed, Ls is the integral fo Redx, Ry is the correlation between the Muct ns

tions at two points separated by the distance x in the direetion of flow, a is the frequency, and

F(n) is the friction of the total energy of the turbulence arising front freq tween wand

ntdn.

CRer. Deyvden 1943.)
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AtmoseHeric Bounpary Laver Simucation.

Survey of Meteorzotocicar Dara.

Fire. 22.
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Fig. 23.
ArmospHeric Bounnary Layee Simucartion.

Survey of Meteorotoeicar Data.
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ArmospHeric Bounpary Laver Simuration.

Sorvey oF

20

Meteorotocicar Dara.

Fie. 24.
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Fig. 2S.

ArmospHerc Bounpary Laver Simucation.

Survey of Meteororocicac Data.
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Fig. 2G.

Armospueric Roun daey Laver Simulation.

Survey of Meteororocican Data.
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Armoseueer Bousmary LaveR SimvLation.

Sorvey of MeteoRoroGicaL Daa.
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ArmospHeerc Bounnary Laver Simucation.

Survey or Mereoeorocicar Data.

a ett 28

oO EE measuredUo |
1.2 a Are im

~~~ “Ay calculated trom velocity distribution

Distribution of mean and fluctuating quantities in a two-dimensional channel, R—1.2,300 (aft

ISOTROPIC ISOTROPIC
KK—ANISOTROPIC EDDIES-.— INERTIAL — <— INERTIAL - VISCOUS

EDDIES EDDIES

(4)

FREQUENCY (OR WAVE NUMBER)

Diagrammatic representation of energy transfer processes in a steady turbulence spectrum in

which similarity in eddy structure is assumed to exist among eddies smaller than those represented bv

the point A and viscous dissipation is appreciable only in eddies smaller than 8

} = energy input from mean motion (total — ©)

~> — energy transler from larger to smaller eddies

4 = energy dissipated by viscosity (total — «)

CRer. Peres trey np Sneprard 1982.\
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CRer. SHereaen, Coarnock ann Feancs 1952.)



AtmoseHerrc Bounnary Layer Simuration.

Survey or MereoRoleGicar Data.
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ArmaseHerie Bounnary Levee Sinu cation.

Survey of Mereorotocicar DATA.
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RELATION BETWEEN BEST’S GUSTINESS VALUES AND
STABILITY

ROUGHNESS PARAMETERS OF VARIOUS SURFACES Core (4%)

Type of surface 
R, Yo Drea epetnci nt

oer | cm, ieSiinoth mhudiats cr gers eo erga ri Ate ieee eine ee 1-06 0-001 0-002!Smooth snow on short Biase es ae eee ag 1-07 0-005 90-0024 @ySeat “ el) tee RE ee, ee a 0-02 0-003Desert neat 
+085 0-03 0-0041’ 

1-10 0-10 0-055

Zi i 1-11 0-2 0-0067
: ' 1-14 0-7 0-010

. . Ff |grass length 4-5 cm 
i ies AS hole

as 14e8 me Wset yo Scmleh ane: Mee 1-275 9-0 0-033Long grass, 60-70 cm. high 3-5 m./sec. oe oe ae 1-25 61 0-026Bee. Qt eeu ee) tat 1-21 3-7 0-021

CRer. Deacon 1953.)
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Armoseneric Rounnary Laver Simucation.

Sorvey of Meteoeoracicar Data
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ArtmoseHeric Rouvnary Lave2 Sinucation.

Survey of Meteorotacicat Data.

* EQUIVALENT HORIZONTAL SCALE (Mm)
4 Bho eee ie

OF . 10 700,
HEIGHT

4 SHIOTANI 0953, FIG.2) FHOM SHERLUCKS OSERVATIONS IN STORMS,

MEAN WIND 15-22 M/SEC

SMIOTAN! 11953, FIGS.1,2) OVER SNOW; WIND AHOUT 4 M/SEC

SHEPPARD (1952) OVER DOWNLAND; WIND AROUT 4 M/SEC

ROBINSON (1953) OVER SHORT GRASS; WIND AROUT 4 M/SEC

MACCREADY (1983) OVER GRASS:TU TED SAND: WIND ABOUT 5 M/SEC

WEBB (PRESENT PAPER FIG. 8, FOR Ri = 0) OVER GRASSLAND; WIND ABOUT 5 M/SEC

TAYLOR (1953) OVER GRASSLAND; WINO 2-4 M/SEC

DEACON (SEE PRIESTLEY 1952) OVER GRASSLAND: WIND ABOUT 2 M/SEC;

MEAN OF THREE 8-MIN RUNS.

DEACON, MEAN OF FURTHER SUBDIVISION INTO TWELVE 2-MIN RUNS;

LINE INDICATES §.0, OF 12 VALUES

‘e eoeromD
in near:

‘Scale of u plotted against height. From autocorrolations

jeutral or moderately unstable conditions. 7

tom &

Tor ° For

Horizontal sale J, from 29 m_ autocorrelation

plotted against Ri,,. The point for w with i = 6-9 m at

Ri, ~ 40-10 (see Table 3) was obtained while the paper was

i n the figure. — Q— uwpress and therefore does 1

CRer. Wess 1988.
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AtmoseHeric Bounnary Laver Sinuration.

Suever of Meteorotocicat Data.

Rew | j

SS
WIND SPEED ATIS CM HEIGHT (U.) M/SEC

‘The variation of the drag coefficient of a grass surface with wind speed (Rider's

a)

(Ree. Deacon 1957.)

Oir

0.1

PROBABILITY 50

OF EXCEEDING

90 + © MEASURED DISTRIBUTION
—— FITTED NORMAL DISTRIBUTION

Oe "63 FT/SEC
99)

99.9

99.99)
ohne ee

-i5en aioe) =5 ° 5 10° JS 20° 25

W, FT/SEC

Probability of equalling or exceeding given values of Uy

(4)

CRer. Press 1957.)
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Atmospyersc Bounanry Lavee Sin vation.

Soruey of Meteororecicat Data.

—-— = (ay

ae ee ee

Structure of the “two-dimensie nts In the constant-xtross layer, (Phe full tine represents

the cehge of the Jot, The dashed dines ate st

(+\

« Structuro of a mixing Jet In the outer part

of a boundary layer. full Hine ropresenta the

edge of tho Jet and is nearly the boundary of the

turbulent fluid. ‘he dashed Hines ure strearatines

relative to the mean velocity at the base of the jet.)

(Ree. Townsend 19S7.\

HORIZONTAL WIND SPEED SPECTRUM

PROOKKAMIN = 91,08 on 125

a yx

x H
. | roves urs

hy

q

oS ee ta

aA ee ee a eg a oe

noms Es Soe te eS Bm Se ee

. Horizontal wind-speed spectrum at Brookhaven National Laboratory at about 100-m height.

CRer. Van Der Hoven 197.)
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ArmospHeric Bounnaey Laver Sinocation.

Survey or Meteorotocicay Data.

y

Values of & determined at various locations
* Investigation made by author in 1957.)

(a)

Super-
adiabatic NeutralSite Stable Inversion. Height Range Terrain

Quickborn, Germany [3] 0.25 0.27 0.61 10-70 m meadows
Tallmadge, Ohio [8. 0.16 0.20 0.25 0.36 1149 m flat field
Hanford, Washington [9] 0.09 0.12 0.14 0.25 15-122 m mountainous

(la)

Cardington, England [4] 0.145 O17 0.27 0.32 to 0.77 8-120 m grass field
Harwell, England [14 0.09 0.08 0.18 9-27 m airfield
Idaho Falls, Idaho* 15 0.18 0.22 6-61 m desert

Brookhaven 0.19 0.29 0.35 0.46 to 0.59 11-124 m nearby wooded area

Variation of with height of layer.

Height of Layer

Type of Observation 32-258 m 123-258 m 32-123 m

Nauen

“0.06 on
Summer midnight 0.36 0.60
Winter noon 0.12 0.06

Winter midnight 0.29 0.31

Quickborn

eS eee SN
reeeal ea ee oO tneee

Uns 0.25 0.22 0.28

Neut 0.27 0.21 0.33
t 0.61 0.57 0.63

Cardington

er Height of Layer
Lapse Rate 9-107 m 46-107 m O46 m0

a Unstable O44 0.12 ONS
Neutral O17 OAR O17

(Rer. De Marnais 1989.)
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ArmosreHeric Bounnary Laver SimuLarion.

Ssuevey or MerecRorocicar Data.
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Geostrophic drag coofficiont versus Surface Rossby number.
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(Rer. Lettav 1959.5

VARIATION OF SCALE OF VERTICAL GUSTS
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CRer. Lappe er av. 1959.)



Armosrueric Bounnary Laver Simucarion.

Survey or Metenrovecicar Data. Ligeo~ 1957)
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ArmosPueeic Bovxnnary Laver Sinu LATION. es

Soruey of Meteoeorncic ar Data.
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Scevevy or Metesrotacicar Data.
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Gurvey or Meteorotocicar DATA.
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AtmosPH ERic Rounnary Laver Sinuration.

Soruey OF Meteoearocieat Dara.
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ArrospHeric Bovunaaey Laver Sin DLATION.

Sorvey oF Meteneotacicar Data.
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AtmoseHerie Bovnonry Lavee Sinvcation.

Sorvey of Meteorotocicac Data.

nS) - mat

CRer. Kamar AND Havcen. 1967)

Lad T T T T T T

© Smooth wall “Klebanoff 1954)
a:

8 O Bubble data

al

rl
tr ®

mae |
lt ee |

Intermittency distribution _

Cer. Kuwe crac. 1967)



+0010

Armespneric Boonoray Laver Sinucation.

Sorvey ec Meteneauncicar Dara.
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Atmosrreric Boonnary Laver Simucation.

Soruey of Meteerorecicar Dara.
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Armospuesic Rounnary Laver Sinutarion.

Survey oF MereoroLocicar Data.
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AtmospHeric Boonnary Lavze Ginvolartion.

Sorvey oF Metesreroaicar Data.
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Comparison of spectra over land and sea, Longitudinal velocity, a, Manford; b. Round Hill;

©. over sea near Vancouver (Smith); d. over sea near Vancouver (Weiler and Burling). Vertical velocity;

© Hanford; #. Round Hill; g. over sea near Vancouver (Smith);

h. over sea near Vancouver (Weiler and Burling).

(Ree Bian wie Pace rsey 1908.)
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ArmasPHericc Bounnaey Laver Simuiarion.

Survey or Metmorotocican Dara,

Sus (n)

15502 OOF on 10 10.0,
f= 26

Averaged, normalized, logarithmic U¥"-cospectra.

(A) South Dartmouth at 15 to 91 m. a: stable (+ 0-420 > 2/L > + 0-051);

b: neutral (+ 0-050 > 2/L 0-050); cz unstable (— 0-051 > 2/L > ~ 1-119).

(B) Hanford at 3 and 6-1 m. a: stable (+- 0-18 > Ri » + 0-01); b: neutral (0 > Ri > — 0:03);

¢: unstable (— 0-04 >» Ri > - 0-16).

(C) Over sea near Vancouver according to Weiler and Burling (1967). a: stable; b: unstable.

(D) Empirical formula, arbitrary fin.

(Ree: Panorsky ano Mares. 19u02.)



AtmeseHeric Bounnaey Layee Sinutation.

Sorvey oF Metes2orocican Data.

Variation of vertical-velocity spectra with height in neutral to slightly unstable

air. Dallast a. 46m; b. 137m; c. 229m; d. 320m. LO-LOCAT: e. 229 m.

(a)

Assorted longitudinal-velocity spectra in neutral air at various locationa. a. St.

Louis, 76m. b. New York City, Telephone Bldg., SW winds, 177m. c. Brookhaven,

91m. d. South Dartmouth, 15 to 46 m (neutral and unstable). e. New York City,

Wall St. Tower, NW winds, 280 m. f£, Montreal, 76m. g. Hanford, 3 and 6.1 m.

h. Cape Kennedy, 90 and 120 m.

Gy

Spectra of lateral velocity at South Dartmouth, Mass. Stable: a. height 46 mn;
bd. height 91m. Unstable: c. heighte 15 and 16 m; d. heights 40 and 46 m.
e. heights 15 and 16 m; £. heights 40 and 46

CSS

(Ree Pamarsey 1969.)
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Atmos puentc Bounneaey Laver Simvcation.

Survey of Meteoentecicar Data.
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AtmoseHeric Bounnary Laven Sinuation.
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AtmoasPHeric Rounaary Laver Ginuiation.

Survey or Meteeeorocican Data.
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