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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 systen
which would reproduce flows having the structure of Adlbatic

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 boundery 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
congidered 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 « Oince 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 Jjust a shear
flow , as under such egonditions , 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
gsome 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 "typicel" 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-type 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 seguence 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
meteorolegical 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
accurately . 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 grapnical form from which a simple mathematical model ofthe
boundary layer struocture for various types of terrain has been
deduced . The information is presented in a form which is easy
to use and has the advantage that if one quantity from a particular
gite 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 .



A1l 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 .



», 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
gimulating 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 3~
Consider a vertical tube of air in the atmosphereof unit

C.3.A. - the difference in pressure between h and h + dh -

dp = wdh 1.
where: w = pgs= "t = Spec. ng'\shr. : !

(wr. of leu st of qig)

From the characteristic gas equation - pV=RT
T
dh = - BT ap 2.

solution of which gives the pressure-height relationship

required .



The relationships for adiabatic conditions are as follows

-

¥ 3 Y
-PV = Consk, of 'PV = h vV,

From which is derived ;-

o Hew
P (O1) 2
and
x - "'l'l:k
dpn—zmw T, T 4T 4

Substituting for p and dp( from eguations 3 and 4 ¥ =5

equation 2 | —

ah = (55 RaT

or

aT LIRS
s ol Lapse Rare = - ( V)R

——

which gives a lapse rate of = 0.05000 / 100ft

or 1°¢ / 100 metres

(or exactly O. 9800/10%)

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 P, from initial conditions having
temperature T and pressure % .

If © is the temperature corresponding to the standard

pressure <, then -

© = Potential temperature of the air.

From equation 3 =
b

r
i o TE Rt R e
o X o

Hence :

=i ©:2%%
o-T(")- T (™)

( In meteorology P is normally taken as 1000 wb. )

TPherefore if the potential temperature <) remains constant

with height the atmospheric boundary layer is in a state

of neutral or adisbatic stability.

1f the case suhown 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 . This
corresponds to the unstable case i.e. the potential
temperature decreases with height .

Curve C 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
a particle displaced from point P 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

0

® Increases with height

Equilibrium : S5table

Therefore for the condition of neutral or adiabatic
equilibrium thermal effects are absent and the turbulence
in the atmospherie boundary layer is purely mechaniecal
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
voriolis Force , caused by the earth's rotation , on the
vertical velocity gradient of the atmospheriec boundary
layer ; This produces a change in the mean wind direction
with increase of height from sround level to the top of
the boundary layer.

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

rotation Fig. 1(b) . As can be seen the angular velocity
vector of the earth's rotation can be resolved inlo
horizontal ( J= Cos ¢ ) and vertical components

(= Sin g ) . The important component is R Sing which

affects the winds .

S= wsL Stl‘l P.t‘-
w o

/[ d.=uX



1

If horizontal motion at a northern latitude g is
considered :-
Air moving towards P from O 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 W in a given time
i.e.

d=nu.t
However due to tne Barth's rotation P has moved from

Fa iah

il g

therefore: S &' WE L Sune.T

= LLJL‘Susﬁﬁt‘

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

8 = % atz, since the initial velocity is zero

then :
QA= 2RSwmg.U

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

Coriolis rForce . The Coriolis parameteg&%is the guantity

25 Sin g . The Coriolis Force ( C. F. ) always acting

at right angles to the wind affects its direction but not

its speed.



ho%rt Low =
4 Pres, Gaadb.
Fance
an L .
$ \sowme ¥ CF Hion P

( An = DisT. RETwEZN lhlms.\

Now consider a flow in the Northern hemisphere where the
pressure gradient force balances the Coriolis Force .

The wind direction is perpendicular to both forces .

Therefore . 5
' =
= e EEI") + FUe =0O
( F=Coriouis PagnmeTER)
or A Db
Ue = Fp /b'\

(Vez Geostes pric Wien )

12
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The effect of surface roughness.

Pres. Genp.
=

/E
e

Fl.lt'.‘h. ~,

The effect of surface roughness is to reduce the wind
velocity and thus the Coriolis ¥orce . Hence the wind
direction changes by an angle -C' due to unbalance of the
pressure gradient and Coriolis rorces . The elrect
decreases as the distance from the ground increases until
the wind reaches its geostrophic value at the top of the
boundary layer . 1n 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.
Puch data includes their variation and magnitude in the
adiabatic atmospliere boundary layer . The guantities of

interest are as follows .

(a) The variation of the mean wind velocity in

direction and magnitude with height

(b) ‘The values of the roughness length and zero
plane displacement which are functions of the
surface roughness , for different types of

terrain .

(¢) The 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 .

(d) The Reynolds Stress and its variation with height.
this stress .18 a function of thne surface roughness
and is of importance in producing the turbulent

energy -

(e) The cospectrum of the Reynolds Stress . tThis
provides knowledge of the frequency range over which

these stresses are significant .



(£)

(g)

(h)

(1)

(3)

(k)

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 longituainal 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 veloecity i.e. its correlation as a
function of_time-, from which the length scales

of turbuience in thne axial direction are obtained.

The probability density distribution of the
fluctuating velocities , i.e. determination of

whether the distributions are Gaussian or not .

These quantities are uow denoted by tne symbols

normally used :=-

1S
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(a) The velocity gradient

E/th\u. Zio u/aa

U is the local mean velocity .
G’, 'L'J..... is the mean free-stream or gradient velocity at

the top of the boundary layer.

\b) The roughuness length and zero plane displacement

are defined in tune egquation ;

— . ) P
(55 /LL': /& p.os. Hv—r-

Ueorly is the friction velocity
k 1is Von Karman's constant
y is distance measured vertically from the ground

¥y is the roughness length

e}

d is the zero plane displacement

(¢) The boundary layer height

defined by the symbol ©

(d) The Reynolds Stress

defined as, wy

where, W is the longitudinal fluctuating velocity
v' is the veriical fluctuating velocity .
PThis is usually normalised with respect to the free-stream

velocitye.a. —_——



(e)

(£)

(2)

17

The Reynolds Stress Power Cospectral Density.

Denoted by-

SMU' (n)
This is usually presented as-

n Suu(“\) Us ™.

The turbulence intensities.

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

"

u
From which the turbulence intensity is-

<5
The lateral and vertical turbulence intensities are respectively-
o A e
4 v

H

The Power Spectral Density.

Denoted by-
S.(), S, Se™

for the longitudinal, lateral and vertical fluctuating

velocities respectively.



\h) The intermittency factor

Defining the fraction of time , of the time period
considered , for which the recorded signal was turbulent

and denoted by 7
Xu

K..; 1"U'-

3 ]

for the three fluctuating velocity components .

ror example :-

¥ = 1.0 in the lower section of the boundary
layer

¥ = 0 at the top of the boundary layer .

(1) Space Correlations.

For the longitudinal fluctuating veloecity the vertiecal scale

of turbulence is denoted by ;

iy s IRiay
and the lateral scale by ;
th - JQ& d;
where- T =__UsUs is the space correlation.

Wa JW's
(j) Time Correlations.

For the longitudinal fluctuating velocity the longitudinal

scale of turbulence is denoted by ;
L“u = CL_{ Q't dx.

where R~ is the time correlation.,

( The other symbols appearing in the review are defined where they
occur in the text. )



2.3. Review of e logical and micrometeorological data

on the structure of the atmospheric boundary layer for+

the condition of neutral or adiabatic stability .

Since the beginning of this century information has
started to become available about the sarth'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 last 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 .

1t was assumed that the best way of doing this was in
chronological order . This 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 & 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

19
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boundary layer , however where the variation of the gquantities
in question with stability is considered to be of interest ,

or relevant , this will be indicated in the text .

"here 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 . OSome 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 .67 m.( 3.5 ¢C. ) 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 .



From the present knowledge on boundary layer flow
these measurements can now be analysed to give the
roughness lengths Yo 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 .

Terrain : Open ground Corn 0.30m.(1 ft.) high
o 0.137cm.( .54in.) 2.27 cm.( 0.895 in.)

Corn 1.07 m. ( 3.5 #t. ) high

4.80 cm. ( 1.89 in.)

Since the degree of linearity of the results is very good
the zero plane displacement is not taken into account (Rig.2)
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 3- %(

% - (rﬁ?13nnv)

it can be established that the power index varies from about

1/7 to 1/6 for the terrain variations considered above .

2
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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 :-
e T Y
W, = YN b7

W, = Us. a1 b, :

Ula = U-IL. AT "\1 »

fhis 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 :-

YVa
L-L\ r] tl.‘. (h‘/“\\.)
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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 :-

= H+a =
\_Lh = T U,

(Gunu = UgL. AT H)

where @ = Constant = a function of the ground roughness .
The previous three papers will be referred to later in this

gsection .

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 ....." . Yhese
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 .

50 , 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 .

Yobson , (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 ( Q>1j“.,‘ ) 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



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 stendard 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

2S5
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papers,of a series , leading on to thne 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 verfical 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 :-

U (-y) = (T )

where : dl = the average height through which an eddy moves
—
at an average eddy vertical velocity of W .
He considered the rate of transfer of atrégmnise momen tum

across & horizontal plane : -

Wowmem = fjp(i+u!) v &x.d,-.a



2T

and solved the equation for the rate at which the momentunm
was transferred . He showed that the effects of a disturbance

was to reduce the x of a layer Sy thick at the

rate

His main conclusions were :-

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

thickness 1:5 by a viscosity equal to (ox"'a C\'J'" a,)

if the motion had not been disturbed ."
(b) The disturbed motion of layers of air can be accounted
for by considering the eddies as introducing a

coefficient of eddy viscosity -

Re (T d) = )jﬂ?

and
(¢) The value of the viscosity obtained was the same as

that that would have been obtained by assuming that -

the laye wnich it originated until it mixes

with its new surroundings "

Since !

)j?; = Y (?G:¢1:>.

ifj}; could be measured from meteorological observations

then the relation could be verified .



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 & horizontal 2.D. motion having no pressure
gradient in the horizontal direction and represented the

forces due to the Earth's rotation as:

BlIaii= AT ZJLS\».¢

and

Y= W 2 Swd

where

/d = Latitude and 52 is the Barth's rotation = 0.000073
rads /sec

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

Us - The surface wind velocity

ﬁww— The gradient velocity
v,
Ban ok s ["{1]5:'=0

Typical calculations were then compared with the full scale

data of Dobson (1914) :-

Light Wind Medium Wind Strong Wind

e

(-]
Full Scale «' 13 21% 20
Calculated &'t 14 18 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:-

}J = H.-_I'I.Sh..w'
er SR

where : (H = S the height corresponding

to the gradient velocity )
For a south of England latitude this reduces to :-

}7@ - 52(0.77 x 10 ) c.g.8. units .

From Dines (1912) , U was derived as 25 cm/sec .

therefore ; }y(a = 1/2 (\-I: d, )= 50z 10° for H. = 800m

1

d, = 50 x 105 x

2 =4x 10j om.
25
therefore d = 4Om, (re. L)

This value is reasonably consistent with recent full scale
data . From the same data the eddy size in the

longitudinal direction was deduced as :
0m . (velu)

Taylor gave for winds varying from light to strong -

30 x 10° s}‘/(, =< 60 x 10°

(It is assumed that the above scale lengths are for

heights of the order of 10 to 30 m.)



Taylor (1916) considered 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 , treesc etc. was comparable

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

per unit area was :-

F = C (: '-L'J.:. where C = Constant

l_Note: Such a form was derived for pipe flow by Stanton

(1913) at the N.P.L.

iceo F - 0.002_19 Ei'"

where:
Un = The mean pipe flow velocity
the surface Wse 0.5 Ug
velocity _ o
and Un=0.85 Vg

therefore f.Lsz 0.70 Un

therefore F = 0.004 o Us _l
\

T
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 ;

d“/dy)y-O,F = Q (d#dy)yao

Fx-)-k( -

and the total skin frict:i.on,

o {'sz + Fy?

Paylor (1915) had previously defined (d“/dy) ¥y = 0 and

(i

dy) y = O in terms of :

TIme py Ugeily —B-aeng oGy g

hence he derived:

0w 2)‘/P Sind, /4Y +dv Uyuy

% U

and knowing the eddy viscosity ()79 ) for moderate to

strong winds the following was derived

0.0052 = C = 0.0022 for H of 800~ 900 m .

or 0.0048 & C = 0.0033 for H of 600 m .

e
or 0.0020 =- /6‘-...‘0-0014 for H = 600 m, l/o( = J"’7

since it is known that:

F/unit area = _.U: v’ = C
=2 =
e U Us

hence an estimate of the Reynolds stresses for flat open

country is given.
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A further paper of Taylors( 1917) gqualitatively
assessed some full scale results based on the theoxry
developed in his previous paper i.e. where coefficient

of viscosity is defined as:

K aodfe ks

where 4 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 ."

e



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 Yo 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 parts considered 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

> 15m/sec
(48ft/sec)

degrees for strong wind conditions i.e. U MAX

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. (2000f%t. 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 :-



(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 f£t.) ; 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 (ilffﬁusu) 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 withuan 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)

W = & log. h+db

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 “hapman . 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 . The 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 &f the boundary layer. Quantitative data from this

period are included in Appendix 1.

37



2.5.2. 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 ihipple had however
previously been suggested by Ekman (1905) and was , and is ,
known as the Ekman Spiral . This spiral form illustrated
the variation of the wind direction and speed with height

as follows :-

o <
0P = Surface wind ; 0OC = geostrophic wind
Lorc = 135° - PC = Relative wind

aB
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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 OPl) that the gradieant direction has mnot

been reached .

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

passed , and then returned to again .

The gradient wind was defined here as previously :-

Pressure gradient Tt to isobars = 22 Singe ﬁG(ﬁG = Uuu)

This form of presentation is seen to agree with the
observations and theory of Dobson and Taylor respectively .

Typically o' 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 , gravitatipnal 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 = @ + W

- L]
vertical V = VY + \u
lateral W - My

where e.g.

= mean longitudinal velocity

g_ (=]
]

fluctuating (or eddy ) longitudinal velocity.



Hence he defined the mean and eddying kinetic energy :-

2 2 2 =2 -2 v e "2
&%:(U « V 4 W°) = i + + +\U + W)
= 1
or E - 5 & K

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 :-

~— U — OW
" the activity per volume " = P uy' 9{3 +(: wu' “j’md

which reduced to:

e

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 O.Reynolds , Richardson also

defined the loss of energy by dissipation over a large volupe

as:
] '
PR O SR i L e
3")‘{% Ty Ny @ Bt
(the size of a cell containing an eddy was h&lngJ‘ﬂs )
1 |
or TOE, SR
- (:E"
i 1
where i‘a. -('i"\';i- ny "'T'l\-‘;

)
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I'his can be stated as follows ; the action of the stresses on
the velocity profile is approximately equal to the loss of

energy by dissipation .

Paylor (1920) , on " Diffusion by continuous movemeats ",
produced another step forward in the analysis of turbylenca
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 econsidered

here .

By adopting an approach similar to that of a previous
paper (Taxlor 1915) , he considered the rate of heat transfer
across a plane perpendicular to x j this was stated to be

a function of the average value of :-

u(x-a)

which was written as

Gix - )]

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

particular turbulent motion considered .
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t
Sincew = dx/dt and (x -2 ) = fudt
o

and putting X = (x - a)

- then :-

Bz -0l = Ixagfas] = 172 BaPrae] o /2 agas [x]

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 diminishee the correlation
increases and tends to a limiting value of unity ." He defined
the correlation coefficient of Ty as Rg - this being the
relation of the value of I.L' of a particle at any instant
and the velue of W' of the same particle after an interval

of time % ( i.e. a Langrangian correlation ) so that :-
t E
J[U:t(.l%] clg = LLiL-]JRs-t df.

or

t e
JRgr a5 [Ltileg (oo [5G as)
7 N3 b

- which defined the correlation coefficient which equals

1 at t = 0.



Taylor then went on to show that :-

132] - s [wlé] uﬁsdgﬂ-

i.e. the problem of turbulent diffusion was reduced to the
consideration of just one quantity -~ +the correlation

coefficient .

L]
He went on to show that for small T , i.e.'ﬁ"--i

that: .|x2 = T' u:2

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

L]
However ags T increased the standard deviation became
proportional to J; and the form of the ﬁ% curve

should be :-

g

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

oscillate as follows :-

Ve

4=



This type of correlation could be attributed to some sort of
regularity in the eddies of which the turbulent motion

consisted .

This paper 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 80 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
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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 periocd 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 .



2.35.5. Review and assessment of meteorological data for

the period 1930 to 1939 .

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 (19303
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
atructuré of the different sized eddies . For example Fig. 7
shows typical measurements from which the lateral ( i"/ u ) and
vertical (i? / u ) 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. houraverages ) with mean wind speed , defining

for example the longitudinal component as :-

R/EL = (Clnﬁu -G-hm-)/(anu-+ﬁmn.)

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. 3Scrase also showed , contrary to the

assumptions of previous papers , that the three components of

turbulence were not equal near ground level and gquoted the

following ratios :-

Long ¢ Lat.s Vert. = 1 : 0.73 : 0.46

Subsequent to this , time periods of the order of
0.5 = t (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

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



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 = us=x 7 wmsec ( 6.5 ~ 25 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 (5£%) ¢ Long. : Lat. 3 Vert. = 1 2 1.16 3 0.75 ;74 = 1.54

19m (62ft) i Long. ¢ Lat. ¢ Vert. =1 : 0.73 2 0.56 ;ciﬁ'- 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 .

Si
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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

9;'7-' was found to be large whereas the components eu‘.u’

and e v were negligible .

From the relationship between the coefficient of viscosity

and the shear stress :-

Scrase estimated the value of the Reynolds stress for open

country as :-

- e D 0-004 at y = 19 me.

or - “‘/“'f;- ~ 0.0015 (assuming ® =600m and 1/ =1/7)

nax

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

guggested was that :-

u h

2 h

a = log. 2

where EI and ﬁz are the mean velocities at heights hl and

h, respectively .

2



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 = 1 hour
Quick run = 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
density 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 .

5 The observations showed that groups of gusts were
carried along at approximately the mean wind speed

at  the height considered.

4 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
(A 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 -l'-LJTRt dt

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 :-

% (at < (0T

which represented the energy of eddies having time periods
between t 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 "



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
wag initiated by having a row of such instruments across
wind at a height of 15 n.(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 tipea of
at least 0.5 seconds . The technique used was similar to
that used by Becker (1950) and , as can be seen , illustrated
"turbulence" far more distinectly than a written account

could and is worthy of presentation just for this reason alone.

8



H (m)

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 veriical velocity
as a function of height in the boundary layer . Typical

examples of these measurements are given as follows :-

s 160 300 500 700 900 1100 1300 1500 1700 1900

u(m/sec) t 6.30 6.69 Teld T34 T+64 T.T1 T.75 T8l 7.76 7T.50

V(m/s

e¢) : 0.80 0.30 0.24 0.13 0.03 -0.06 -0.17 -0.08 -0.18 -0.18

where H was the height in the atmospheric boundary layer

The above data gave the mean ratios :=-

Ya = 0.05 for 0O<H =~ 90nm
Ve = 0.036 for 0 S H5200m

For an unstable atmosphere a ratio of about 0.10 was

suggested as being applicable .

A paper by Durst (1953) presented an expansion of his
ideas on gust structure , some of which had previously been
stated in Giblett (1952) . He suggested for the type of gust
observed at Cardington , that those having periods of from
1l 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 ,

& point which has been mentioned in several of the previously
considered papers and which has now been fairly well

established .

2100

7.42
-0.07

59



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
and 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 :-

Lk (yey,) (a)

whers.ko = Von Karman's constant and Yo = roughness length,

60



The shear stress T was defined:

"ldﬁ/dn . PL‘(%J (b)

- dl-\ 8
where n = el /ﬁz = the exchange coefficient .

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

i +Ye
o=k % Lege 42

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 & constant before it could be used for

conditions other than adiabatic .

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

of the form :

g o
B =i %)

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 y, cm.
Short mown grass 0.54
Open Grassland 3.20
'Relatively'calm sea %.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
8till 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 :-

LR
(vt <5) %y

LJ_L =\ (3-33- Vau'd_ as defined by Taylor]
' —
i.e. v is the vertical velocity that transfers E from Yy

to y, + L (asei ¥ )

The problem here , as stated by Sutton , was to find ?U'L in
terms of the mean motion and the height y .

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

Eo
;;1 = {;‘_( Rg1dg

which Sutton assumed could be written as :-

RS -(ag)"h

(§ being a time interval)

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

agssumed that: -

= ~

-

ol

-_—

and the expression for the correlation was modified to:-

R = (?T%j

where W' ‘s >> 1S  the kinematic viscosity and n = 1/4

for adiabatic conditions .
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Substituting Rs in Taylor's expression and neglecting

molecular forces in comparison to eddy forces Sutton obtained:-

b= " =N

vl =X (ﬁo) 53

1
Then to derive an expression for (V" 2'5) he considered

first ,from Prandtl :-

l{?l = 1-\?%% y £ = mean path

1t was shown by Hesselberg and Bjorkdel (Beitr. Phys. fur

Atmos Vol. 15 1929 ) that :=-

G}- }'a 'ﬂ'(lﬁ:l)"
2

o e - Y

The time to move from y, to y, + L was given by :-

Y+t
A il o
t"_.,;( > - VT l%%l
.'. U' Lo = }/‘a_ “L\ l—t_’%l =2

It was shown by Von Karman , on the assumption that the eddy
velocities at different points in the region were dynamically

gsimilar , that z-

(v b 18l Dt S
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Hence substituting 2 and 3 into equation 1 he obtained :-

ﬁ=(a§7§--(%":—) ) l)(.|'n3"|)_}

Then on the assumption that :-

q(!).bgéﬁ = Const.

Sutton derived :-

_n_
S
LLl CH/B )

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 CY)
4, ( ) 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



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 ém. (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 ft.)
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 .

b
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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 b O This was derived from

observed data and semi - empirical theory .

Prandtl defined the mixing length:-

- k) (v + ¥,) where k = Von Karman's

¢ constant .

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

h = roughness height



Hence :-
T=pl (dm/dﬂ) - e (y+y) (1 7al)
which gives:-

i e M bge T

or'-
k. il
Mt T, )

Hence from 30 and L at some reference height 7T, 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 :-

) = c:-o:s (6-3)

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)wa.a made zero here when y = ) .

The Rossby and Montgomery data is presented in Fig.l4 ;

alternatively it can be given as:—

Dﬂhx ~ .F C..L')
F e

where

U"/N'(- = Rossby Number
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The data for open country derived from Fig. 14 were

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

ﬁuax (or ﬁG) m/s : O =-8;8.5-12;12.5-18 ;- >18

R Al s 1505 18:2 52 17.2 . ; 1643
and Dobson (1914) 3—

ﬁunm/s o a6 ] 5942 Y 5 15.6
g T £ 3BT 152050 50 19T

and as can be seen good agreement was obtained . For
latitudes greater than about 30 degrees , the change of
direction of the wind ( g7 ) 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 L' 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 ; Berlin :
I -
oL : 21 ; 3. SE30 ) 27

More recent data would suggest that the above Yo of

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

quoted . However without knowing more detailed site



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 :-

e i /| '/ Y\ T T ) 3
(WY e Dhax (C-onl-.- T2 Sead ),Um = UG = Gradient Wind

and derived :=-

y (cm) .. /1T (ﬁ = Mean velocity
p "50 /T 0 "at 30 m.
4 0.595
520 0.293

These values can be compared with those estimated by

assuming power law applications having power indices of say

0.143 and 0.28 for the small and large roughness lengths

respectively :-

Yy Lo / Tyax

0.143 0.65

0.28 0.45
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The agreement is seen to be reasonable in the case of the
lower ¥y value . Generally the remainder of the paper was

concerned with stability effects and ocean currents .

A series of review papers were published by Pagen
(1935) on the latest advances in aerodynamics and
meteorology . They served as an introduction to the @&bove

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 fluidn(aee 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 aiao considered the
full scale measurements of Scrase (1950) « 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 SCALS

Weather
Beau- Bureau
fort [Explanation Descriptive Conditions Statute Termino-
No. Marine Land M.P.H. logy
0 Calm Smoke rises 0-1 g
vertically
0 Light air Smoke drifts , 1-3 light
weather-vanes
quiet
2 Slight Felt on face ,
breeze Sufficient leaves rustle ,
wind for vanes moved. 4=17
working
ship
3 Gentle Leaves and twigs
breeze in motion; ex-
tends 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 g 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
T High Wind Trees move incon-

venient to walk. 32-38
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BEAUFORT'S WIND-VELOCITY SCALE

Weather

Beau- Burean
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 strue-

gale ; tural damage
occurs 47=-54 Gale
10 Whole 3 Close reefed Rare inland;
gale ) sail runn-  trees uprooted

ing,or hove considerable

to under structural damage 55-63 ; Whole

storm Gale

)
11 Storm Rare ;widespread
damage. 64~75

12 Hurricane No sail ean

stand even

running. 15 Hurricane

PROBABLE TRUE VELOCITIES AT BALTIMORE 5 MIN. PERIODS AND IN GUSTS
(50%) AT ELEVATION 215 FT.

Y years 1 2 3 5 8 10 20 50 75 100

V m.p.h.5-min 42 46 49 51 55 56 60 66 68 70

V m.p.h.gusts 63 69 74 76 82 84 90 99 102 105

p,1b per sq.ft.13.1 15.7 18.1 19.1 22.1 23.3 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 :-

d'P = -u = U =
the pressure gradient g = P°F gt ¢ 2 Vs

The centrifugal force:- -

+ G

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 :—

— apt r db 1
Unax = + 'l"‘”' L+ /|° Yan - 21l for cyclonic areas

" e AN '
Unax = - \]"4?“-- /{; Zan +%1 L ; for anticyclonic areas




[__Aa an example these equations are applied as follows :-

dB’dn is expressed as 04l in. of mercury in N miles spacing
of isobars .

@ = .0758 < 52-2 = 0-00229 -

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

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

" r"‘ 100
Unae = O 169¢ H-jm-_ - l) for cyclonic areas

Unax = 0169 F(JH' NE i) for anti-cyclonic areas

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

Tox = B WH (miles/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 ¥a&riation of the wind direction with height to
be 20 degrees and 45 degrees for Rural and Urban sites

respectively}hednuaminad i

Rural Urban
Boundary Summer : Winter Summer : Winter
Layer :380m(1250£t) : 270m(885ft) 620m(2020ft) : 430m(1420ft)
Height(d)
or (D) :  325m(1068ft) 525m(1720£t)

These figuees 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 II - WeIGHTED AVERAGE VELOCITY IN HEIGHT , 5 s IN PER

CENT OF GRADIENT VELOCITY

Open Gountry-t‘- 20° : Large Citiea-i.- 45°
Summer 3 Winter : Summer ;7 Winter

K = 60,000 = 30,000: « 160,000 : = 80,000
0.157 = 1,250 = 885: = 2,020=: = 1,420
5. ft g C = 0.204° = 0.300: = 0.265 : = 0.277

100 2.06 59 62 55 57
200  2.30 65 69 61 64
300 2.44 69 13 65 69
400 2.56 13 17 68 72
500  2.65 76 19 70 74
600 2.72 11 81 72 76
700 2.79 79 83 74 78
8OO  2.86 81 85 76 80
900  2.90 82 87 17 81
1000 2.96 84 89 79 83

- the average weighted velocity is defined :~

1 1 0.157
/ ﬁun —~ ¢ yo']'s? where C = E 1-1453' ;

gsee above table .



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.) were 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
ﬁzm 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 Sm/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 = Conatantxlogey/yo (Fig. 16)

Al though Prandtl at this time had established ¥, for sand
roughness as being 1/30th. of the diameter of a sand grain ,
Best here assumed Yo to be equal to the height of the grass
i.e. lcm. (hence he plotted log (y~1) ) . He then checked
the validity of using a power law (Fig.16) and found that it
was valid for heights above about lm.(3 ft.) i.e. it tended
to be constant with a power index of 0.1% 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

> !
-

Z =100% 3

and was averaged over 10 min. periodsiat 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 O.1l 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 Dg and
D¥ were the lateral and vertical eddy sizes respectively and
were consistent with the findings of previous papers .

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

( ¢f to 1.6 as measured by Scrase ) .

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 Townemd (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. U

and

£l

|

9 = Llag(a 5‘/3__+1)A°3._C°~+Q

Ju

cl

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 2& 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 ¥, 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 velid . With regard to the power law , he
tabulated the power indices appropriate to various types of

terrain as follows :-



Type of Terrain: Beet Cereals Grassland Fallow Airport OSnow
Fields High Low Land Surface

Exponent - &KX 3.0 3.5 3.6 3.85 4.0 443 5.0

(own data)

Exponent ol 2 2.4 5-3 4.2 4.2 He2

(Schmidt)

where ol was defined as in the following

%
i -?’/yl;d

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

(50 and 500 ft.) over houses in Strasburg

ol = 28 ( ox Lﬂi = +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 ol for an urban area and beet fields are
comparable in order of magnitude is not plausible . Apart
from other factors affecting the value of o which will be
congidered 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 - yo) / h - 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. Yo (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 ecm.
(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'.



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 ¢ ) (see also Fage and Townend 1932 ) . For
example , in the lower section of the boundary leyer , this
gives the ratio ﬁ‘/ﬁ; ~0.5 which compares very well with
the measurements by Scrase in the atmospheric boundary
layer ; there is also the point that the variation ofJf?'with
height was shown to be much less than that ofd%%“with height

(ef. 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 :-

B % u| is the longitudinal turbulent velocity , Taylor
suggested that it could be resolved into harmonic components.
Then its mean value (-;TZ ) could be regarded as being the
sum of contributions from all frequencies ( n ) . If -t-.i‘ S dn
was the contribution from frequencies between n and (n + dﬁ)

then :-

_[GS(“) dn = .l

He defined:-

- - (I'i-I‘)
ST % o.,.__‘ P o)

where *

ETT 1u--é.('I =5 ) 55(5)

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 :-

PO
?(x):JS(hj Cooggi don. X3 8
(where u = mean velocity)
a.ndj
4 o
Semd = T _{'RC?‘-\)C-O }'3-55 dx. -2

where these equations are Fourier Transforms of each other
i.e. if S(v) 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 !~

d'I-

.'/,h = 4“} J l:—:{' SC"\) an,

where /A 1is the curvature and was defined as a measure of

the smallest scaleof turbulence.

®S



A measure of the mean largest eddy size could be

obtained by putting x = 0 in Equation 2 :-

-l
a [S(“‘):ln-.:a = 4’('R X dx,

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 f£t.) .
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Summary of data on the structure of the atmospheric boundary

layer from the period 1930 to 1939 .

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
carried 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 gquantitative 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 pawer 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 data 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.



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 enepgy 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 ( € )



(p) 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 :-

e ok

i.e. 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 (1945) 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 :-

R, = VoS, _r:b:dk.

(u:r 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
o0

Ly = f Ry.dy - (Vert) 2
or Lx = rRxdx - (Long) 3

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

the flow .

qi



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 :-

L - ad [ B S 4(8)

where : Yx oz 2 Ei-_-_:b (I-Ru)/:x_"

N being a measure of the smallest eddies or dissipating

eddies and .-

- oD
SLEO L 4R co Mplex a(k,)

integration of which gives :-

w By | '4\
Ls. I+ 4T T\L l-'.‘.yl.:l."'

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

qe
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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 , Yo ,
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
10~ cmzfsec near ground level to about 104 ~ 105 cmz/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:-

K= € (ﬁ:génj)

and the shear stress .-

- Ly
= (.s[ (3%3) — where £ is the Tixi:igl
ength .

From the work of Rossby and Montgomery for an adiabatic

atmosphere =

L= L (y+ye.)

which Frost modified to :-

M ™

Leiy’ 4
where m lies between 1 ~ O

Hence :-

and

o T G e

It has been shown in previous papers that 3%3 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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o= ‘;JZ(B/:I-)

and if ~\':u, is the veloeity at height h , then :-

Q= Wy (bbﬁcg“

Papers previously discussed had indicated the applicability
of such a power law where the index 'm' was taken as 1/7
for strong wind conditions . Therefore by substituting in

equations land 2 Frost derived :-

AT :

and

=5 2 = -2
sy Sl T h 4
He then determined the roughness length Yo -
o S
using, Y= z.c.xto(au., : from Rossby for h = 15m
(50 ft.)

and eguation 4’

Vo = icm. for strong wind over the.sea .

U et
using, X=27xw W, =~ from Taylor for h = 30m
(100 ft.)

and equation 4

¥, = 2.6 cm. for strong wind over open

countryside.




Sverdrup (1936) also indicated that K obeyed the same power
laws satisfactorily . Froaaﬁderived yo'a 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 [ Some measurements of the above

D .
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 stressJ

T s - l‘:lr 1-
From Prandtl,
) ' oy where Y is the mixing
we=t 2 S length for a particular
turbulent element .
and taking | v' e u

then'
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Using 2 and the relation)

L=4% I-h-/'bs, &

‘T}E/h ‘ (from Von Karman )

k = Von Karman's constant

Sheppard derived :-

w = & J— 5+3. 4.

or if y << y eand if =,

at a reference height ¥y then)

P e 5.

Introducing a drag coefficient :

e ® o'/?_C-b(-r w

A drag coefficient of the following form can also be derived:-

|

TO

F.
G

From 2 and 4 above the mixing length was defined :

k (u+y2)

The results of Sheppard's measurements are presented in the

following table :~-



Qs

TABLE 1. VALUES OF Cj AS FUNCTION OF W, /8, OR OF y IN

CONDITIONS OF NEUTRAL EQUILIBRIUM .

(1) (2) ST gs) ; : (411_f
I u Yy type of surface giving values r coefficient
/L 2mfu1m (:m )shown in (1) and (2) * C, (using wvel.

at 2m as ref-
erence velocity)

- 1.06 0.0009 one with rather smooth appear - 2,11 = 10_5
ance , e.g. ice or smooth snow

1/7 1.10 0.10 1lawn grass up to lem.long 554 x 1072

1/5 1.14 0.72 downland ; thin grass up to 1.01 x 10™2
about 10 cm.

1/4 1.18 2.3  thick grass up to about 1Ocm. 1.60 x 102
- 1.22 5.0 thin grass up to about 50cm. 2.32 x 10™2
; -2
/3 1.26 8.9 thick grass up to about 50 cm. 3.21 x 10
thin wheat ete. up to about
100 cm.
-  1.30 13.9 fully grown root crops 4.28 x 10”2

* 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 :-

[y,
w v

0.0016 = e =< 0.0043

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

rural terrain .



The power indices are also estimated assuming & 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 G :-

TE
T-20 J-S T-Bs agdt. (Taylor 1920)
[- I -

or using the mixing length approach , the diffusion

coefficient :-

et o ('Dryﬁadt

Then the vertical eddy diffusion coefficient was defined as:—

A9 c Lt
K= vl oy [W(§)at - U [Ryat,

i.e. a knowledge of 1?3 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 :-

B‘_'\_ {}‘/"
/{L = 0.226 ’ w = 0.055 (hased on local
velocitiea)

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
(1955) 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 0.145 (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



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 Maebrashi

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 dii/b. % ( based on local velocity)
of about 13k 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 19thi6hl12m which also gave

a8 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.2l) 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 4.1 % . T4 3y
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 4.3 = Lx < 75 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 Vg > Previously Prandtl had quoted

Vo = h/so ) for sand roughness
(h. rouvchness hem\ﬂ:.)
and Paeschke (1937),
o = h/T toh/8 for open countryside.
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The present authors assumed from their measurements

Yo = b3 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 £t.) 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.) .



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 Yo 0 which although
regarded as being complementary to Sheppard's (1947) paper ,
also indicates other relevant points .

The relationship :-

/U.t i ‘/k La‘ B/S‘

(where W= \TE%)

was taken as being applicable in the constant shear stress
layer near the ground , and a drag coefficient defined (see

also Sheppard 1947 ) -

Deacon pointed out here that this coefficient was dependent

only on the roughness parameter T which in turn was

104



{05

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 and 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 Nikuradsee 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 :-

s vl R 5

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 ¥, 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(Kr) was used instead of S(n)

2Tn

where K, is the wave number =3 measured in the X, - 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 :-

K, iy S
3%) =< L)

which was shown compared with the observed form of the spectrum
in Fig. 25 . This also shows the application of Kolmogoroffs

- 5/3 1law 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 was 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
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(p) An intermediate range , which has not necessarily the
similarity characteristics of the high range but is
significantly influenced by dissipation € but not

directly by viscosity M .

(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. 25. 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 .

Lettdiy'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 .



In the development of his theory and discussions on
thermal stratification he used " Adiabatic turbulence " as a
basis . 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-isotropie 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 y, was a constant,
regardless of the prevailing stability conditions . Lettau
attributed the wide variation in measured Yo 's'for 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 .

109
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Pasquill (1949) related the velacity distribution log-

law to a momentum diffusion coefficient Km as follows :-

Y: eKH'DI;/-ba.

using this expression and the log-law he obtained,

\(h - cL] Q:B
D"S'- H./-B-

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 :

Wy

N vy

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 U ) are usually associated with downward currents
(-ve.u' ) and vice versa . Therefore there is a correlation
between W and v and the corresponding Heynolds Stress
_Eaii? will have a value (see also Scrase 1950) . On
the other hand there are no systematic variations between

ws' and v and the corresponding stresses are small or near

Zero .

Sutton pointed out the significance of the adiabatic

lapse-rate which was defined

[—' = g—a/CP ~ l.c ﬂebm

where:

g = accn. due to gravity 3 A is the reciprocal of the

mech. equiv. of heat .

CP = 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 increcases , decreases or

is constant with height (Fig. 1)
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In considering the velocity profile of the atmogph eric
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
or 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.

u 2 ¥
/A T ¢ T T 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-
T
ments e.g. /0 > 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
sy 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 29o

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 ( ¥ ) 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 £ " arrived at:-

X-= -PET- 4 !-‘(du/aa)ldﬁ/&u\

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 :-

Y:—?lJ—;}; ‘lE/d-ﬂ

where £ can be momentum , heat or matter .

By adoption of the concept of the mixing length i many

problems became amenable to solution .

When considering rough surfaces , Sutton pointed out
the necessity of considering the quantity d i.e. the
" zero~-plane displacement " in order to provide a datum
level above which turbulent interchange commences - in which

case the modified log-law becomes :-

= ~-d
Cie * ke g
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This law has been found to apply up to a height of about
13 metres " provided Yo and d are cnosen independently to
give the best fit " . Sutton pointed out that most writers
agree regarding the order of magnitude of T, 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 0. 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 © = 600 m.
(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 B ).

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 Yo 's were also derived for Rural and Urban terrain.



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 Ior 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 %..

e



2.3.5. Review and assessment of meteorological data for the period

1950 X v

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 ; 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 .

17



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
considexved . 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(é.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 ) . 1t is noted that in the lower 10% of the boundary
layer turbulence intensities (based on local velocity ) lie

between 0.10 and 0.18 .

113
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The correlation :—

—_—
L PR

wuy

was measured and wes 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 :-
2% e
0.10 0.30

0.40 0.50

- the length scale seems to increase with height up to hyb 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



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 E{L = D21 5
% Lo (F22) g (Frenesee)
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 o' of 26° also agrees
very well with previously quoted values for flow over towns

(ef. rural areas ol % 20° (i

Pasquill (1950) analysed measurements made in grass between
1 and 15 em. (0.39 to 5.9 in.) in height in conditions
approximating to adiabatic . He assumed that the following

law applied :i-

n:/l.h K '/‘k LS' (:1:‘:.?-

and illustrated the importance of determining the value of the

zero - plane displacement d .

iR0
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e.g. curve 'a' represents the actual measurements and various
values of 'd' are assumed until a straight line plot is derived

'b' -~ the intercept of this line on the vertical axis then

gives A
The following data were derived:-

g
|2} (emd) 5. CF""B CL(S"\') u/.ﬁ{unﬁ
15 (5.9 in.) 0.66 (.26 in.) 8 (3.2 in.) 0.0010

and the shear stress data agree with previous examples :-

Concrete (Sheppard '47) Downland (Scrase 1930)

uu“_
—t

HAX . 0.00043 0.00168

12
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The importance of allowing for 'd' had previously been stated by
Deacon (1949) . The above analysis illustrates that previous
ﬁeasurements of Yo 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 to 2.2 in.) .
Typical length scales ( |lux ) were of the order 60 m.

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

(also see FIG. 26b )

— —_—

Y ow) JE‘:/& J{?.‘/ %ﬁ %

w AR
1 0.14 0.09 0.2453 .0024
3 010 0.08 0.258

Probability density distributions of the flucituating 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:-

W (mAec) JE;fl et
0.58 0.42 0.30
5403 0.48 0.31
505 0.3%6 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. The mean dissipation of energy / unit time / unit mass of
fluid & y = this determines the intensity of the
energy flow transferred along a cascade of vortices of

different scales , and

2. The kinematic: viscosity J  which plays an essential role
in the process of dissipation -

dimentionally these are :-

A
l}' L LI.T"I

or combined give :-

where I? determines an internal scale which is characteristic

of the local turbulence structure .

Al though many asuthors 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 :-
T D
- “oy
s S e K. SN T s
+%o(dV + 0 s v )Ty
$ % el & ¥ wud ) e

+!é\}t>(;?-+lj:+-u3.)-"'5351

-% b(;’_"')A.B

2w\
+ﬂ'[ = +‘-"( ('a'x)]
where 1. Production of turbulent energy
2. Diffusion of turbulent energy

3 & 4. Convection of energy by the mean flow
5 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 N . In this

range it was assumed that -

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

energy dissipation can be written :—

;‘10 A
& = lSQ)r -ux.)




126

Prom 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 O to 12 m.(0-39ft.)
However the surrounding terrain was very variable e.g. from sand
covered to trees , bushes etec. Hence the results are varisble
on this account as well as from various atmospheric stability or
instability conditions . The longitudinal turbulence varied from
0.12 to 0.3% (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 . GSome distributions



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.lLuy )
with increase of stability (¥FIG.27c¢) . For a near - neutral
condition Lu3 is approximately 6 m. (20 ft.) and Cramer

suggested :-

Lue = 2v3xbug
x 12~12m (Q0veofr) for y= 2.Sm (=€)

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)

ig =

Lu, = I1S~2om. (So~6esr) ) y=2m (6efh)

which appears to be slightly smaller than would be expected .

)
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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 :-

Cidw "C-/P\'_'LS ) CL3= UeL at hC. y,

and since:
S, = & Roge %y,
GER =G b (LA
then for : Yres = 10m,

©S s Yo lem) < lOcem.

they obtained :—

O-coz2s < G < o.con

which agrees with:- ocoa = Gy =< o.006

for rural terrain (based on W local) . They also presented
Laufer's data as being typical of boundary layer charscteristics
(FIG.28a) and showed diagramatically how energy is transferred
through the range of frequencies represented in power spectra

(FIG.28D)

A further measurement of the longitudinal length scale

( Lux ) can be derived from Sheppard (1952) as follows :-
L) Luw (™) m‘/ﬁ. P

S ———————

2 12 19.0
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Further data on flow over water (Lough Neagh) were quoted as:-

—_—

DM I/a( Wy U satic,

Soo -2 O-acl)

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 -

y
Y (Y) - TulB) » F_[ e (vj-v) 4y

where y is the height at which -b“/-b.j-o .

Tx(y)=0

and

F = coriolis parameter and e = density.

Uy and \ are the wind components of the geostrophicand
actual wind normal to the surface direction .
Clearly for the above expression to apply the height at which

ﬂ/'bj =© 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 5.6° 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¢c) . 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 :-

-3

where Cp - T‘/(.,'L'f; s = surface wind

This value of the drag coefficient was shown to be of the same
order of megnitude for conditions varying from stable to unstable

and to be independent of wind speed .

The velocity variation in a typical gust was examined by
$herlock (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



of 300 m. (1000ft.) , on the assumption of a variation of the

mean wind direction with height of 17° (i.e. o' ) FIG.29b .

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.

Wa 5"‘/”_ > 2.5

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 . FIG.30¢
includes various other measurements of Ve in ta?ylated form .

\ 3 g
The variation of the vertical gustiness i.e. ’/LL

(where V' is the mean extreme vertical component ) with

131
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equilibrium was also determined (FIG.30b) . The main point of
interest nere 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 Y, is reasonably independent of equilibrium conditions
It is also clear from the results that Je/h varies

considerably for the range of grass heights (h) considered .

From extensive tests at Round Hill U.S. Friedman (1953)
presented some measurements of the lateral turbulence intensity

for various equilibrium conditions :=-

. U

- N
taking u/\l. & C»Bl) he first derived M :-—
Equilibrium Round Hill Suttons data
Large lapse - 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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y(m) Af ternoon Sunset Evening
1.4 (4.6£%.) 0.306 0.205 -
2.7 (8.9ft.) 0.233 0.194 0.042
5.5 (18ft. ) 0.198 0.157 0.047
11.0 (36 ft.) 0.185 0.135 0.051
220 (72 £t.) 0.185 0.148 0.095
44.0(144 £t.) 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
gsay 30m. (100 ft.) . For example if the extreme value of the
longitudinal turbulence at ground level (say &bﬁs = 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

e

length scales e.g.

Moderately unstable = 2.4 (7.9 f£t.) 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 :-

y () Winks) VO bg  F 5

0.15 (.50 £%.) 3.16 0.92 0.291 0.36 .114
S0 k23 £1,) 4.96 1.23 0.248 0.60 o121
2240 (7.9 £%.) 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 (1955) 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 :-

%Z JE‘;CL °/.. % Luw (m

21.0 15.5 0.74 12 (39f£t.)

Shiotani (1953) presented additional data on correlation
measurements and deduced that the auto correlation coefficient
distribution followed the law :-

2/3

Re= 1= (/%)

(for isotropic turbulence only)

where ’20 = Time for largest eddy to pass measuring point .
and it was deduced that s o Y « The results applied
to adiabatic conditions over snow fields . Regarding the structure

of the flow he stated that for dsotropic 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 :-

5 Lm) ﬁ/ﬁ’/o J-I?‘/ELZ Lua. (m)

0.4 (13 £t.) 12.4 4.2 -
0.6 (2 £%:) 12.8 5.2 =
0.9 (3 ft.) 8.9 4.3 -
1.5 (4.9 %) 10.0 4.9 -
T+5 (25 £%.) 15.6 - 3
1Y 436 £%.) 12.0 6.1 30 (100 ft.)
75 (250 ft.) 6.3 - 90 (295 ft.)

As predicted by previous authors

Iifi’qhﬁf > 0.5,

)

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 .

l. 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

1/4 /7 1/6




136

Ad >
Al ternatively use : /d_‘j = ay
For : Adiabatic P=1i
Unstable | B>1 or ®L <o
Stable ) B=<l or Re >0

2. Examples of allowing for the zero plane displacement :-

Surface yo(cm) d(em)
Thin grass - height up to 10cm.(4 in.) 0W7 (s281in.)! =
Thick grass - height up to 10cm.(4 in.) 2.3 (0.9in.) -
Thin grass - up to 50 em. (20 in.) & {(@dn.) =
Thick grass - up to 50 cm. 9 (3.5111.) -

'd' estimated :-

Grass 1 - 3 em.(0.39 = 1.2 in.) 0.5 (0.2in.) 0

Grass 60 = 70 em.(24 - 28 in.) 3 (1.2 1n.) 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



noted for adiabatic conditions :-

T i e Wil - G tois)
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 Secilly Kew
Wind from: land land sea land(trees locally)
1/6 1/7 1/8.5 /3.2

It was generally assumed here that the ratios of surface to

gradient wind were as follows :—

Although conditions other than adiabatic are not being
considered in deteil 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 muthors were :-

Us /-
(a) )i -0.95 267 Taral “terrain,
(b) The height of the ground layer , assuming a maximum
variation of + 10% in W Onen. S5 this layer ,

is 50 m.(164 ft.) - i.e. the "Constant"stress layer.

$ 357



Having defined the log - law,

-4

G'/u. = y& !"ﬁt (LE-)

they went on to define the Monin Obikhov length L as :-

L = - Usn- M/T. -%épe

where C'/ = turbulent heat flux , Cp = Spec. heat at const.pressure

The three quantities involved -

S/Tu ) gt ) q,/c-re

are stated to be the " definitive characteristics of turbulence

in the ground layer " , and for .-

Neutral , Lo
Unsteble, q >o R ey (or R <o)
Stable CP <O L = (:vr' Ri :’O)

The Richardson no. was defined in terms of L :—

i wm JA %(H/&.)

and the velocity profile as :-

GG = " [ty W, + 2 (00]

P> is a universal constant and L, the"Monin Obikhov length" is

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 W>V  and at
high frequencies they are equal , i.e. in the range where

Kolmogoroff's similarity law applies and the energy is

~S/a
proportional to 2? »

(b) The ratio of the turbulent to mean energy is greater for
overland than oversea passages , however the spectral shapes

are similar .

(¢) 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 .

(d) 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 W and U' 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 .

1325
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The work of Rider (1954) merely added to existing knowledge
of the Cardingtonsite ( i.e. mown grass surface ) .. By making
measurements up to a height of 2m. (6.6 ft.) he defined the

following ,

L P |

(N

Y. (crn .) L_Jthmn
0.32 (0.12 in.) 0.00083

which agrees fairly well with other authors data e.g. Sutton

(1953) gives ¥, = 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 ¥ is independent
of atmospheric conditions over rural terrain . It was also shown
to be independent of feteh by Charnock (1955) in the case of
flow over water . However no results were quoted hence the accuragcy
of the conclusions being considered doubtful cannot be assessed ;
a8 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



speed decreases . This point cannot be checked from the paper dut

(see Deacon(1957 ) later )

Additional data on the applicability of the power law was

given in Collins (1955) :-

Terrain kk Reference
Brookhaven (U.S.A.) . 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 }gﬂ 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 0.253 Franckenberger ,
trees Rudloff (1949)

Upton : Scrub oak , scrub pine , 0.26 Panofsky (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

141



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 coafirmed by many authors.

Deacon suggested it followed the law :-

o-08S

e ki

where We is the maximum gust in & 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 (-

= (‘Da/'bs) : = HS/EPT

(B = vertical eddy flux of heat)

which is oG i + Ri

these being dynamical and thermal turbulence terms respectively.
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Then he defined :—

G A Km = Bddy viscosity

Eddy conductivity

and'
* ™
K= 5:5 2, U%‘aﬁés - .I'.(Qr..:,_g\
for neutral conditions R’\._:, =0 and

»*
K = A& - - 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 :-

Component y(m) t(mins)
w 1.5 10
w 28 20
v 1.5 5
U’ 28 5

i.e. the vapiation of w with distance from the ground is much
greater than that of ' y & fact which is consistent with the

variation of these quantities with height in a boundary layer .



In support of this he quoted , for adiabatic conditions :-
! 1
u-“f/u'.ms i ¥, ) U“/‘-rl-s x Le2

and (lﬂ/u_,)‘g = I.s and (Ll-/l"_.).._“s ~ 2.8

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 uwy' cospectrum (FIG.3la) it was shown
that there was little energy for 'QL11 - 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 :=-

Terrain '/oC
Coastal 1/5
Urban 1/3

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 b (cm)
Field 33.2 (I3 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
1 ]
Quicklom , Quickborn being a rough rural area - hence ¥, = 500em.

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. 31lb,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 Zd-vT
for flat terrain lacking large obstructions . The measurements
were made from & height of 8m.(26 ft.) to 30m. (100 ft.) .
Taylor (1955) provided further measurements of the length scales
( Lux ) . 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 :-

x( m I Lun m
1.5 (4.9 £t.) 24(78 £t.)
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,

x(n) Loe (n) N EY)
1.9 (62 ft.) - 3.3 (10.8 £t.)

29 (95 ft.) 84(280 ft.) 12 (39 ft.)
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The correlated data is shown in FIG.32 where he auggested,

.
Lu.,_ oL 31 y for y< 100m.(330ft.)

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 I_ut only increases up to moderately unstable conditions
and then rapidly decreases as the degree 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



the introduction of new data . OSome 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 ems (2 in.) in the height above the sea measurements would
lead to an error of 30% in Ty oo 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.

B
e ey Ly

where k = Von Karman's constant and B = 1 for adiabatic
conditions . A typical value of the shear stress

of 0.0015 was quoted for open country ; +this was assumed to be
reasonably independent of atmospheriec equilibrium . He showed
that determination of the shear stress over sea areas by use of

the expresaion,

e _EBF (vi-\) ay

(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 Yo 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 & 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 serodynamic surface roughness
(b) & change of the local heat outputr , and

(o) the addition of chemicals which polluted the atmosphere .

The problem of the wide range of shear stresses measured in
what could be considered &s 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.

Mg Yo > 2.5 (for sand roughness )
2y

was shown not to apply to grass and

Wy >40
L

was suggested as being
more applicable . This is an agreement with the conclusions
made by previous authors . Above 2m/sec the shear stress tends

to a constant value of ‘*3""13nua = 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



to be similar in both cases . The longitudinal velocity spectra
were found to be reasonably invarient with height but the peak

of the 1\55(6) 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 :-

c.+
£S5, (6) - (O +=4 -F%)‘

(C = C‘N"l“.)

where -L-‘hafl 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 eguilibrium 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 \- 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.540) « 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
6f ‘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 :—

-3 -t
Ixio = Hx & 3xw0

However it can be seen from the spectrum that for most purposes

an averaging time of from 15 to 30 minutes would be sufficient
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in order to obtain representative mean values . These measurements
give the first 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
highey 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 yo(om) $ 1.73 , 0.51 , 0.34 , 0.44 (0.68~ 0.13n)

1
Range of 74 : Lapse - 1/6~1/10 , Neutral 1/5~1/7,Inversion 1/4~1/2

B Done: . 8 00006 . 0.0018

) /g g Y4
_;':j- TZ].—Q— 0.143 0.079
& 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 :-

"r}/u.. @U.. JTF/u,..

34 1.6 114



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
Yo  * Al though most authors of prewvious 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:-
og o2

_H- O 86 3.

Therefore if ¥, 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 0'Neill,

Nebraska site :-

Y (m) 0 (mkec) Yo (em ) ‘]ﬁ‘:/ L_LZ
~9

3 2 1o 19~20

\SS
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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) 3% of energy between 0.001 and 0.5 cps 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 sy 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 .

1
Type Site 7L yo(cm) y(m)
Urban : Copenhagen; 0.36 ; 750 (296in); 35~80 (118~260f%t.)
(h = 15m)
(Cultivated : Ne@sgard , 0.27 - 4.5(1.8in) ; .50~3.0 (1.6~10ft.)
area
» : Albertslund;0.187; 0.95(0.37in); 1.0~6.0(3.3~20ft.)

" ! Freslev | 0.152 ; .50(0.121n);.70~8.5(2.3~2Bft.)

(Very Smooth):Hfjir ; 0.1l A 0.018(.00?1n¥.50~2.0(l.6~6.6ft.)



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 ,

BeB

F:l

—on gives Y = Y3
u.l.‘.m

a I
and Moam gives )’,{_ = /436G

LL'I..DII\

He also gave the power indices for other equilibrium conditions ,

from measurements at 40m. (130 ft.) and 1000m.(3300 ft.)

Inversion Lapse
Sl »
: 1/3.5 1/8.7
1
0 1/3.0 1/9.0 (ef.Friedman 1953)
1]
The change of wind direction with height ( o ) 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 [—

Lu,_ = L“.'J > Ll-l;

These measurements are of importance since they verify the type
of variation proposed , and to some extent measured , in the

adiabatic atmospheric boundary layer .

1577
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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 . Thums if the autocorrelation
is measured and its integral multiplied by the local mean velocity
the local mean eddy size is obtained . The conclusions were

based 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 sife 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



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 %a
i.e. assuming that the curve goes asymptotically to zero . Hence
the length scale ( Lux ) over downland at a height of ‘&

2m.(6.6 £t.) 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 /o( Reference
Snow 0.165 ~ 0.149 Frost (1948)
0'Neill 0.17

He also guoted 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 guoted .
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An attempt was made by Lettau (1959) to correlate Fhe ground
shear stress or surface drag coefficient Ca [= (r‘tfa)%-au]
with the roughness length which was used as the characteristic
length in the Rossby Number (ﬁw/‘:l-‘:) .  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.3%6a ,
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 :-

annh.(M) '
(e"

L]
w
L= [ = wave number

S() =

where and q, are empirical constants .
The following forms were proposed for the middle and high

frequency ranges for adiabatic equilibrium :-

Se () = o4 i Tash(z2 ¥)
:r& (Fﬁﬂn)qa

and
S () = oaza EL% Tﬂ-nh.(lt{-ﬂ &%"—)
yg e

160



161

Further expressions from aircraft theoretical work were

given by Lappe et al (1959) for the spectra as follows :-

L 5 ‘L}
MELIEE AR S

and ,
=k 1
Ry == T
S -5 vl e
where qfh = 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 contrary 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 urhan 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



G2

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 (yo) . 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.56Db ;

Flight 109 being the near adiabatic case . Flight 112 data

represent a gradient of - 1.500 /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_ e 0.7 cm. (0.28 in.)
and Brookhaven having y_ = 1 m.(39 in.) (see Deland and Panofsky

1957 ).



It was suggested here that the change of spectral density due to

roughness could be represented by :-

g = [l A‘:%H/:J-I

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.35¢ ; 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 cospectra 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 X 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
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(i.e. trees) is of the order of 9m.(30 ft.) . However it is
noted that recent literature tends to take a 0.28 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.)

ul \u"_“ = O-OS

i Lol S S A ; for D= OOM.
Unnx
wy'

—— = O.0DCOS.
LT
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=3 f data e structure of the atmospheric boundar

t perio 0 - »

There is no doubt that in this periocd 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 .



The most noteworthy theoretical contribution is that of
Monin and Obukhov (1954) by which the Monin-Obukhov 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
gsufficient 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 guantities 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
date 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 .



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

congidered 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 . The 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
(Richerdson , 1920) . This increase of kinetic energy can 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



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 (193%2) 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 coneisted 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 & 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

e

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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(e) 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 that 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 shown by
Deacon (1955a) , who also confirmed the existence of a downward

transport of large scale 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 . BSets 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 .

2.4.2. 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 ,

R TS
W Yo ¥72

where ﬁq and W. are the mean velocities at arbitrary heights
v, and Yy 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 ,

Va4

&)

and that of Shaw (1909) , for example , which predicted a linear

variation with height ,

D+
Lo - 22
Unax =

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 ,\.e&

uw = Q.\Dﬂl:!+i>

there is no doubt that a power law provides Jjust 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) .



By utilizing the flat plate boundary layer theory of Prandtl

and VYon Karman a more refined version of the log-law was produced

by Sverdrup (1934) ,

Y = yﬁtJ—\}(o Q‘ﬂe B/':j.

This was assumed to be applicable for thne conditions of

(a) Adiabatic equilibrium , and

(b) Up to a height of about 10 m.

and provided & method of determining the relative roughness of
the terrain considered . However Sverdrup also pointed out

that a law of the form ,

y i

w, = (3‘ )
/\11. /5"

(i.e. a power 1aw)

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 ; }GL being taken as an
indication of the amount of turbulence present . A wvalue 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
measurements made 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 ,

Wy s e
i % Lege 9.

which took into account the zero plane displacement (d) 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 guoted a boundary layer height
of 500m. (1650 ft.) and Sheppard and 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

date 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 - 0.235 as being more
applicable . The site consists of woodland having 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’he 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 tﬁat 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 . In the first instance there is a scarcity
of results for such conditions and secondly, and more important,
there igs the fact that many of the available results will include
local topographical effects rather than be representative mean

values of particular urbhan 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

‘becmade 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



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

c&/&
determining Unase 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,

?V{h 4 >1: l‘ﬂ" t%ii

either by computation or graphically . Reliable estimates are

| @O
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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 :-

U.S. ol B
% 5

However , there is some evidence that this criterion is a funmction
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

¥ (em) ¢ 0.137 g 2.27 = 300

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 ;

IERRAIN 3 Short mown grass : Open grassland : "Relatively" Calm sea

yo(cm) : 0.54 > 3.20 E 3.90



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 5.2m. (10.5 ft.) for "large roughness"

The extensive data presented by Pseschke (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 = Yy m) <es

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 ,

1.6 € Yo(em) s 13s

A further 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,

Y.="a

A further example of allowing for the zero plane displacement

was given by Pasquill (1950) who determined a ¥, of 0.66cm.

(0.25 in.) for grass 15 cm. (5.9 in.) tall. Shiotani (1950)

stated values for the roughness length of terrain covered by grass

and vegetables as ,
15 < Yo ) S 55
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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 : O0'Neill

yo(cm.) £ 0.32 100 1.0
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 4 m.

(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,

Bade S g0
o

Some other ¥, data was presented by Lettau (1959) which again

agrees with the previously quoted values .

Therefore it can be assumed at this stage that 8 for rural

areas should fall in the broad range of ,

1.0 & yo(cm) s 15

and as a very rough guide for urban areas , that it should lie in

the range,

13
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Clearly the variation of this quantity with type of terrain

(or say bﬁt ) will eventually need to be defined more precisely.

2.444. The Keynolds 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 ,

uu

-
U ™A

O .Col4 x — ] O.-0c020

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.,

GerBl)

where W, = 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 -

iy
) e

0.00\6 = - = 0-00473

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 ¢
the value for short grass given by Pasquill (1950). Ellison's
(1956) review paper suggested a value of 0.00135 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 (yo- 1lm.) and O'Neill (yo- lcm)

suggests that the Reynolds stress vary by a factor of about



10 for the sites , when the stresses are based on the local
velocities . Lettau and Davidson (1957) gquote a value of about
0.0017 for the O0'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 ,

wy
O- 0020 15-_‘-]"{"" = O.00630

Ll LN

(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 .
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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 (193%0)
showed that the ratio of the three compoments of turbulence were

as follows ,

(cf. typical flat-plate data ,

‘]——Li:_ . ﬁ = JT:r:e 1 30775 0:549

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,

in;ﬁl. ~ O.1S k0.6

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.

187



188

A value of 0.13 was given by Shiotani and Yamamoto (1948)

e

of the first measurements of turbulence intensity made in an

for for rural terrain . They also presented some
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 ﬁ;:/\lﬁ; 2 0,75 , as did the results
given by Robinson (1953) . The ratio of \ﬁgiﬂf? 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,
T
o.i0 < J'-"/ﬁ_ < 0.1k

while the well quoted results of O'Neill , Nebraske given by

Lettau and Davidson (1957) as expected range from ,

o.IS s’J“—/& < 0.22




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,

-
©.16 = \I"t/c,_ < ©.20

up to a height of say 20 to 30 m. (65 = 100 ft.) . On the other

hand urban intensities should be in the range ,

S
0. 26w NE/E R oA

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,

=T %

L could be regarded as being the sum of contributions

from all frequencies (n) .
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He defined,

JSCn) an = 1

where S(n) , the power spectral density , represents the energy
between (n) and (n + A4 n) . The high frequency end of the
spectrum was defined by Kolmogoroff (1941) and shown to obey
his similarity law such that ,

~2/y
N S(h) oo T

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 :=-

S (%) 1+ (!‘/-:.)‘ e

where K = g_f_e
L

It was , at this stage , generally agreed that thé greater part
of the turbulent energy was contained in the low freguency range
i.e. in the large eddy sizes . The energy transfer processes
through the complete turbulence spectrum were later defined in

physicel terms e.g. see Priestley and Sheppard (1952).



191

From measurements at Brookhaven , Panofsky and McCormick
(1954) defined some of the characteristics of the longitudinal
ﬁné 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 tne 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 héight
and suggested that the vertical spectrum shape could be

represented by ,

of
£5.(F)= (i + 4af ey

where 'F = “‘5./‘1

Eventually a complete spectrum of the longitudinal velocity was
presented by Van der Hoven (1957) which covered the miero 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
ocoured at higher frequencies in flows over rougher terrain .
The importent point here being that this implies a reduction

in the scales of turbulence for flow over an urban aresa .

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) and
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.T7+ 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

n
oo L PN O




a 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 s 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 date 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 (Lux)
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
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— Hence when x = 0, the mean largest eddy size is defined as
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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 ,

& i vy FR (%) ot

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

l_ut 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 ( ij ) was determined by Schmidt (1935) as being

of the order of 15m. (50 ft.) at heights of less than 6m. (20ft.).

Taylor (1958) showed the relationship between power spectra

and the correlation coefficients for isotropic turbulence as ,

pris £
nac i ey
'R‘ 1-( S(r\) c.; 'L‘a d-"\) and S(h) = L-L JOR(*-)CQ 11‘::t dx.
—t

where Rx = Coreelation coefficient , and S(n) = Power spectral
density

J

ulsml,.. - A_C.R(-) dx.




The next significant length scale measurements were those

of Shiotani and Yamamoto (1948) who determined

7S < LuwM< o7

e (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. Lux(m) (£%.) 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)
25 (115) 70 (230) Webb (1955)

From collected data Webb (1955) suggested ,
o5

LU:. e H

more recent literature suggests yo'4 ; this point will be

discussed more fully later . Shiotani (1953) also suggested

that the form of the eddies was such that ,

Lu = Lu - Lu
x y

in the lower section of the boundary layer . A conservative

195



196

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 Lux y at various heights ,
can be extracted from e.g. Priestley (1952) , Robinson (1953),
Taylor (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 proosbility density
distributions of the fluctuating velocities in terms of & normal
or Gaussian distribution . Generally it was found that most
measurements cover a range of about + 3 0O 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
digtributions of the fluctuating velocities are approximately
Gaussian to say + 50 . Since the available data apply to
rural terrain it must be assumed that urban distributions are

likewise Gaussian .



198

2.5. Proposals for the final analysis based on the interim

a88es smeng .

All of the quantitative data from the period considered is
presented in Appes 1 . Some of the data has also been presented
in Pig. 37 as it applies roughly to the various types of terrain

gpecified . i.e.

1< Smooth : t- Ice, snow , concrete and mud surfaces.
2. Moderately Rough  := Rursal terrain,
5+ Rough := Suburban and wooded,

4. Very Rough t= Urban .

fhis 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 only 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

pregsentation 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 .



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 ,
intensity of turbulence as a function of the roughness parameter
in addition to the power index as a function of the same gquantity

(o) + From Lettau and Davidson (1957) is obtained

G:" ", 5 l‘-“' = > ’ O
Fow T L WAL AR N =C
Since,
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Hence the turbulence intensity can be determined

of the roughness length for adiabatic conditions provided that
the semi-empirical constants A, B and C can be determined .

can be assumed that the above expressions apply only in the lower

layer of the flow i.e. say ,

0 = ¥y =...50m.

to present

as a function
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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 temds 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.

Y, ~ Y.
and,
(u- &jshmm 5°

for the range of terrains (1 to 4) specified above . The relevant

anticipated range of roughness lengths should be,

0.00lm» = T = 10m.

or neglecting the smooth surfaces , which are not of great

importance ,

0.0lm & y s 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 should 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 off 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 & 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.

Wy t/s ~ g VB

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 abov¥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 at y = 0.5 ) ,

(a) © = ¥y =< 50m. surface layer
(v) 50m = y = 0.4 intermediate layer
(e) 0.4 = y = ° 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 .

Ae 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 z:-
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(a) Author(s)
(b) Date
(e) data

(d) 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
‘increaaed in proportion to &w_lj close to the ground and
approached fixed values higher up in the boundary layer (i.e. for
y > 200 - 300 m. ) . Faller (1965) suggested that the large
eddies in adiabatic flows resulted from shear instabilities in
the main flow ( Cf. Durst 1952) and that they moved relatively
slowly in the mean flow , having vertical velocities of the order
of 0,10 Uw - 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 .



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 streak's . 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 3/5>°'4°
(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

£luid having U & ©-1Unan.

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 2.6.5.

2.6.2. The mean velocity profile and the boundary layer

height .

Aspessment 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 .



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 APPENDIK 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
gpecified 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 (BSDU 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 kl 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

0-21 e s D¢25 -

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 & 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 simidlar
to those quoted by Pagon (1935) ; these values , being based on
doubtful theoretical assumptions , are not reliable . In any
cage , the value of 274 m (900 ft.) suggested for a rural
boundazy 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 ft.)
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 ordeér 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 ﬁeland 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 logj--ti. 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.)
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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 .

2.6.5. 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 '/Q{ y Which are
considered in a later section , and Jensen (1961) classified the
roughness length (yo) and the displacement thickness (d) as a
function of vegitation height . In the case of forests Rauner

(1961) proved that ¥, was a function of wind speed ; the change



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 Y, @8 a 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 yoestimated 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 Yo 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 b should be defined as a function of
wind direction , see e.g. Fichtl (19683) 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 . 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 BESDU(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) .

Finelly , 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 1 m. ( 3.3 ft.)
and 2 - 3m. ( 6.& ~ 10 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 PIG. 357 .

2i2
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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

a 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 :-

—
No ot

uu_
00020 = UL = O0e2S

and for sea as :-

uhis
O.0003 = D‘t‘-‘“* < O.cc0G

[ Gw is assumed to occur at Y= > =600m.(2000 ft.)]
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For rougher terrain , the data of Davenport (1964)
normalised with respect to the free stream velocity indicated
that ‘fEL»”Ef;.“ 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 NQL”fa;nm. 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 lm. (5.3 ft.) . He also showed that the
variation of the Reynolds stress with roughness length was not
very sensitive to variations in {juan » I'rom Pasquill
(1970) , by extrapolation , and Smith (1970) the ratio of urban

to rural stresses can be determined as :-

1.46 %0 1.56

(for ¥, 's of 2.5m+(7.5 £t.) 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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25655 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 date 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 thermzal stratifications . Pritchard
(1966) showed that JE§;41 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

5:?; decreased with increase of height up to about 300m.
(1000 £t.) . The data of Harris (1972) also showed that ﬁf

was not invarient with height in the height range considered .
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The use of the empirically derived expressions :=-

m‘/u A, I8/ =B, {84~ C

with the log~-law for the velocity profile law , was extensive in
order to obtain estimates of the turbulence intensity . Buch
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 4, 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 JTE: 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 p 48 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



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,

ﬁ‘/u .28 ﬁf/u‘g Las JT_}:/U“: 125
o

from which :—

\A';-/W = &S . J—-\-}_L/ EL=O'SO

which values are alsc 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 texmt .

RI7



The work of Davenport 1961&) , (b) lead to a revised
expression for the longitudinal spectrum :-

w

5 gl
nS.(n) oC::O XS (3c= -2—: : £ IzeOm)

from which can be derived,
-V

&y = 2oas (%) (%)

This form of the spectrum however under-estimates the energy in
the low freguency 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-

-1y demonstrated by Pond (1966) from measurements over the sea ;
it was shown to apply down to Tbﬁl of about 0.0025 . In
general the various power spectral messurements 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 /AL 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 ‘W:Lfl_ 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) :-

S“(ﬂ) ols (2 :‘—C:Q'l.)"" ’ (‘i- DE{. > £=|800m)

This is basically the shape proposed by Von Karman (1948) .
Another form for this spectrum was given by Fichtl and McVehil

(1969) as follows :-

— L
NSl 2. g _exE
TR AR ol o Lk B

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
approximete . Pasquill (1970) recommeded the use of a more
simple spectrum expression which applies mainly to the inertial

sub-range and for y = 100m. (330 ft.) :-

-1/3
NSom _ o.zc.(“_‘é)
Lf W

He suggested that at low frequencies the power spectral densities
are too variable to define accurately ; & possible explanation

for this variability was given by Owen (1971) . However , in



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
wag 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 inverient 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 nHLtL to be of the order 0.40 (or peak %
in the range 0.06 - 0.13) as compared to 0.03 for longitudimal
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 “3/& 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.

Al ternatively , if the data are presented as a function of
ny 4 . - ;

$ = ( 7G then f will increase with increase of height .
Eventually Busch and Panofsky (1968) presented a slightly

modified version of Panofsky's previous spectrum form ;-

£
o Sgley o Lons fm
~ Py iy /3
Lle I+ 'S ( /"h)

where for adiabatic conditions fm = 0.32 . This is the vertical

gspectrum 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 .

ezl
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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.40 = -f = 10

and this was again further vemfied by Elderkin (1968) . The
majority of the available data for heights less than about
50m ( V&S ft.) were analysed by Panofsky and Mares (1968).

They derived an expression for the cospectral shape as follows:-

N (T\\ ¥ -‘:/-fw\ .
We (1 +oe )

where fm (pesk ‘2ﬁ1, ) was taken as - 0.08 for adiabatic
conditions . This gquantity hawever is subject to a large degree

of scatter and lies in the range :-

-oces=< {. K -o2 (at least)

Their data also suggested that the majority of the stress

contribution is in the range :-

oo1 = { < 10

The more recent data of Miyake et al (1970) and Sitaraman
(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 :-

nScelnd 1a ¥
e L Ay’

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 periad were mainly very generalised data although

Webdb (1955) managed to derive

L“‘ it Bo-s

It was also suggested that,

| e LJL: :bl.uz

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 Lux and Pasquill (1961) showed that these could be
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derived from spectral measurements since :=~

\4¥ﬂ-='é%i(:ﬁz;)?hnw.

(or see Pasquill and Butler 1964)

This form is acceptdble for coreelation. 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 3-

Lhu *3' D 5

Blackadar (1962) assumed that Luw increased with increase of
height up to about 200 - 300m.(660 - 1000 ft.) and that it was
of the order of 100m. (530 ft.) at greater heights . A review
paper by Singer (1964) suggested that the length scale in the

vertical direction was given by :-

L“J ~ NS Ll&a,

From the data of Berman (1965) it can be shown fairly conclusively
that Lun decreases as the roughness length increases .

This fact is also shown in other data of APP.2 . Berman also
showed that :-

29

Ln‘_ o5 :;1




whereas Panofsky and Singer (1965)zave :-

[T A

Lu,‘_ <5 Y

In agreement with Pasquill(1961) , Zbrozek (1965) assumed that:-

L“:. =60y

and suggested that it increased with increase of height up to
about 300m. (1000 ft.) . From fairly generalised data Pritchard

(1966) assumed that :-

L“X = Lm‘/l_v“ ].3

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 \_mt 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 Lu.. with surfece
roughness can be deduced from Busch and Panofsky (1968) and yet
anether law concerning its variation with height was given by
Fichtl (1968) as :-

Lu,‘_ &> ':r-z
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The work of Fichtl and McVehil (1969) suggested that Lus
decreased at heights greater than 100m. (330 ft.) and again

showed the validity of estimating Lu.x_ from :-

LR
Lue = 27 (n )pmc.

The review paper of Teunisson (1970) stated that change of rough-
ness length had little effect on Lu& but that "large scale
non~uniformities " of the Earth's surface tended to increase

them . He concluded 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 :-
&

Bl il

The semi - empirical theory of Harris (1971) predicted Laht
increasing as roughness increased (APP.T ) 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 :-

Lu

y = L\l.; = ©O.-5 L‘ks‘
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However the available data (see e.g. Shiotani 1967 , Deacon '71)

shows that more appropriately :—

Ly, = Os~0% |

andJ
It can be generally conluded , with respect to the length
scale e , 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 , Lu;. , &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 :-

L . = O-SS

Lumley and Panofsky suggested Ld:; 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 Lvy as increasing up to a height of about
120m. (390 ft.) and then remaining constant up to a height of

about 370m. (1200 £ - The above again agreed with the data



of Kaimal and Haugen (1967) who suggested that Luy should
either remain constant or start to decrease with increase of
height above 200m. (660 ft.) . For the height range 0 - 50 m.
(0 - 165 ft.) Singer et al (1967) suggested that Lwx increased
linearly with height and that at greater heights it increased
more slowly . This result was adeguately supported by the data
of Panofsky (1969) . Finally a general review by Teunisson

(1970) gave :=

Ly, = ©-40y

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 2~

\_UHQ 'G.H
2.6.9. The probability density distribution of the fluctuating
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 a&s 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 normsl , 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 ) .



2 Presentation and discussion of Adiabatic boundary layer

structure .

The reviewed datgq 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 :-

. % ~ Se

2. (_"‘?/&),.-S.

R

T
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As stated overleaf , data of this type , are subject to
numerous sources of error ; the more important of these are noted

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 .

(¢) Thermal stratification not measured ; i.e. the possibil-
-ity of conditions other than adiabatic prevailing
or changing during a test or varying with height .

(d) 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 AL  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 A ~Y. data .

All of the known available data for these guantities are
.presented in Figure 63 . The roughness length scale 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 ( :ﬁg ) 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 considdred . 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 Zl sy will be more subject to errors



due to insufficient fetch being available , say in urban or sub=-
urban areas , for equilibrium flow to be established . For
these reasons & regression analysis has not been applied to the

data of Figure 63 .

The proposed variation of l/-L'-i-j.,,, 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 .as 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 1/.( as a function of _\_.]h
'is considered to be the most representative of all the available
data . The dotted lines which enclose this curve are suggested
a8 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 %ol
with g 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 5 . 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
N > 0.10m. the curves generally lie outside the upper

gscatter band of the data .
Therefore 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.

3.2. Analysis of the (ﬁ/&)nm ~Ye data .

All of the available data on these measurements are present-
ed in Figure 64 . The reference height of 30Om. (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 bﬁL 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 :-

w

e = %

and it can be seen that this estimate over estimates the turbulence
intensity for Y. = 0.10 m. (+33 £t.) ; 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 snown that equations of this



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 5 and
4 , the proposed curve of Figure 64 is presented as being the

best representation of the available data .

-
S, si h /(;)_.r ~Ye data .

The data available on these quantities are presented in
Figure 65 . Generally datg of this quantity ( lfg;;*t;; )
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 (G.«G....) 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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€+.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 (3.5 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 Lga, ~ Y, data .

The available data on the length scale , Lu,, y are
presented in Figure 66 (2), ), (¢), . Figure 66 (a) shows the
variation of \_u.,,- with height and roughness . Below a height
of 10m. (33 f£t.) 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 6db) . However it can be assumed that the laws describ-
ing the variation of Lu_,,_ with height could be taken to apply
with reasonable accuracy down to a height of about 5m. (16.5ft.).
In Figure 6€¢) L\.,‘_ 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 Yo 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 6€b) 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 L"‘-l 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 ly, should increase with increase of height
up to about 200 to 300m. ( 66O to 1000 ft.) . This
assumption also agrees reasonably well with the data presented
in Figure 65) . Above this height the variation of lLu, with

height is mainly predictable from flat-plate dataa .

It was noted in the reviewed data that to date Lus was
regarded as being independent of terrain roughness , and this is
shown here not to be justifiable . In addition , the empirical
theories of Davenpoért and Harris predict that Cui increases
as the roughness incresses and also increases indefinitely with
increase 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 Lu.,._ with roughness
length and height presented in Figure 66 (b)and (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 L“: and Lu; it has been
shown in the reviewed data that these can be derived from a
knowledge of Lu.,‘_ . ®he remaining lengthscale of importance,
L\:r.,._ 3 and its variation with height have been adequately

established by other authors and it can be zssumed that this
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length scale is reasonably independent of roughness length .

5+5. The 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 ]_u,_
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 sliould 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 :-

=
e

i ) L
S /&[Lﬂ’- g?: =

where 'd' is neglected for terrain types 1 to 2 .

B ¢ The power index and turbulence intensity at y = 30m (100f+t.)

can be derived from :-

'/,,L e (r;i/ﬁ)kh = 0-096 L&__ 5,+o.ola(!q..33+o-a4 - 2

for 0.001 -‘eyutm) = 5

]

(mean accuracy of R0 % 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 :-

% =o7s | I\T/ﬁ = 0S50 - 2(a)

The variation with height of the longitudinal turbulence intensity

in the log - layer can be derived from :-

=7 \
JLL - 0-49[1.1 Y, ]
where, A = 2.5. for 0.001 = yO(m) = 0.10
and 2.9 | A = for 0.10 = yo(m) = 5.00
For 100 = y(m) = 600 a linear extrapolation from the top
of the constant shear stress layer is sufficient (i.e. assuming

]u'/c.l.‘ °'°1~°°2 et Y = S = 60010-) .

Generally this implies tha'L,

JTL::/D_ -l ‘/Hx (1-3 ﬁ:'_sa)

€C ¢+ The Reynolds stress in the constant stress layer can be

derived from :-

(Fg)- (o) omd's o by, -

or from :

(1-:::0 ;‘;/fj:— 11)
_5== e =3 (a)




D : The length scele of turbulence , Lu_, at y = 30m.(100 ft.)

can be derived from :-

s
= 4.)
or its variation with height from :-
¥ o(m) Lu_ (m)
o285
0.01 146 4
0.10 O
1.0 23 ‘;'*5
10.0 a.2 y° - 4(a)
for, 5 = y(m) = 240
)
and fha

Ll = 14.3xno’(5’5) Al

for 240 < y(m) =< 600

E : The length scales Lu_‘j and L.,.I can be derived from :~

tu, = ©5+0:6 Lux
cherait ptl

and Luy = O3-~04 Lus it
for 5 % y(m) < 240

’

From homogenous isotropic turbulence theory :-

L
o

for 240 < y(m) = 600

2 - 5(a)
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F : The length scale Lu& can be derived from :-

Lu,‘_ =040 4 - 6

—

for 5 % y(m) = 240

Aspumed to be independent of roughness length.

G ¢ The power spectrum and cospectrum forms are as follows :-

nSun) = ﬁ)'va - 7(a)

where, x - h% ) L=1200m.

107 S -‘/-fm - 7(v)
s (7 )

 Se (n) =

where, {., =~ o.32

N
nsu\r ()= Wa = % ?(C)

where, {m > -0.OR

( 7a , b , ¢ from reviewed data .)

From the above equations the main quantities defining the

structure of Adiabatic boundary layers can be deduced .
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S5e CONCLUSIONS

The following conclusions can be reached .

(a) All of the available data on adiabatic boundary layers

have been adequately reviewed and analysed .

(v) The similarity of these boundary layers to flat-plate

boundary layers has been generally established .

(e) From the data finally summarised the general structure
of adiabatic boundary layers appropriate to.a wide range

of terrain types can be adeguately determined .

(a) The proposed curves for the summarised data are assumed

to be the most reliable and consistent available .
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415 Swinbank W.C. and "Micrometeorological expeditions -
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and structures , N.B.5. Gaithersburg,
Maryland.

"Longitudinal and lateral spectra of
turbulence in the atmospheric boundary
layer ."
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boundary layer of the atmosphere ."
Unpublished Note - Met. Office.
"Characteristics of the mean wind and
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LENGTH SCALES WHERE PossiBLe FRoM SPECTQRA WHIicH ARE
REmseormiBLy wWELL DEFRINED,

NoT veRy HMuckH CANBE GAINED FRom THE MBovE
TURBULENCE DATH . Hou.n:uiral SINCE IT HAS BEeny SEwn
THAT FoR RurRAaL TERQAIN -

[AS
oIS = 'm/a. <= 020

HENCE IT AN GENMERALLY 3t sten FRem THE MRoUE DATA -

——Jz5 ‘J:—...
O-o7s S &/ﬁ. = o-i0o Ve %Ei.‘ > oS

FeR ROURAL TERRAIN.

Author : Rauner, Yu. L.
Year : 196G
Data (See Fis. 33.)
Ratio of Foeest /DPen RRen =~ O 7o~0.20 : 4‘) ~ | Bm,
EL(M,&::.) : 2~3.5 33~ S0 B ow s
d(my @ &S -0 4.0
Yo . B7 3.2 S.o




.7
THE incRERSE oF Y, "s W incREALES |8 ATTRIBUTED Te GREATER
PENETRATION OF THE WIND THReuGH T HE FeREST AS THE wiNbd SPERD

INCREASES ,

QHEENTS: 'T IS ASSUHED THAT WHGN THRRG IS FolLIAGE ON THE TREES
* N
THE BouNDARY LAYER IS LIFTEDoVER THE Pozl‘-s)"'ro SoriE r-:—.u‘rnu'r_)- HENCE
THE LoweR Y THaN INTHE CASE ©F THE FoREST WITHOUT FoliAGE
-

(Fie.3w), THz cuanee 1N Y. WITH ANd WITHELT FoLIAGE IS ABoUT

d
{wm (3.2°p1) . THe HeAn /yo W ITHBUT FolIAGE IS ABouT S.O
d
(C-F. Jensewn 1961 _ /3. = 4.0 Jor GRASS P cRoP.S.)

AuvtrHee ! THKEuch K.

Yepe 196l
Data
Site yem) _ & o e O R R
O'Neww. Saitls " Gilbsd- 1T BS 1S 095 ©e3 ©O-37
Autker : ZBrozek, J.K.
Year : 1961
DaTa
G‘EMEEnLLw DEALS wWITH VERTICAL GUST SPECTRUM fi FoR

ADePTED PoRk RAIRCRAET USE ! -

2
L
¢ f5 - ¥ tirtanT

WHelREe

2w 2N
i T G e v

(nssuﬂa:. ExPouauTiAL RAuTe-ColQeElLATioss A3 1N 'PRSQ.un.n. 19 &B
B Cia e
EF (MES SCALE ©F TuURBULENCE FRew wWAuzLEmeTH (N 7n AT WricH

SPECTRUM DEPARTS FRiom Powie Law (1€, WHERE SPE< TRYN D ECAYS

oY -4 a:wre.) . Hewce

\.\J‘,_ = 300w Cluub-Ft-,) AT Y a?

!oHHE'HTs . Vﬁﬂmeu ofF SCchRALE WITH HEBEIGHT NeT ComusDERGDND,




2.8

Aurrer - Buackanar A K,
Year @ 1962
Dare
Assones THAT THe 516 MIFICANT EDDY si128
@) INcREASED AS /?az_ CLosE To THE GRoumnd
(b) mPPRaAcHaDd A Fixeb VALLVE AT GReATER HEICHTS
(Ree: Pancrsky Aany McCormick 1960), Hence Theor ETicalL DATA
o
CorMpAREDd WITH MEASU RED DATA 1N Fig, 39 (o{. =222° assuned Fe@
Btmkﬂnueu ‘.b&‘rﬂ.)
lf WAS GENERALLY SHoWwN THAT LENGTH SCALES (NCREASED
UP Te HEIGHTS pF ARBRour 260w 3oom™ (f.f.o ~ looco F‘r,) AND WAS LEsSS
THAw 100w (330%T) AT GREATER HEIGHTS; ALSe BUIDENT THAT THa
RBoUNDARY LAYGERL HEIGHT CHANMGED VERY LITTLE AS s CHANG WD,

SuccesTeD THAT THE BounbDARY LAvee HecHT (D) <A~ Be DeRwen

P‘ﬂ-- D = ocoosg I‘ﬁ“’ 5: + O-992 Lgﬂ(o.’ﬁ) - 2-1386

wHees F = Corieunis PRaAanETER.

FRerm !

CommenTs ! LARGe ScaTTER I~ DATA of Fie. 39b 1s Duk Te THE eEFMECTS

©OF HoRI1IZoMNTAL TEMP. GRADIENTS C'Rzemousur DISCuUss s:bB_

RAurwHer: bﬁ.ﬂcnm, E.L.

Year : 19672
DnTa : F.G’. 40@. 1 -u:—/w‘-‘
Sire o’ U E)(‘ﬂ;)
Orew Sea ©-10 0.000S GOO (Assurer)

Plu'rualt : KoNho, -:r.

Year : 1962

Dam
Site y, O (\*u) 30
Sewoail (ARFIELD), 0.004S (o.114)
O' Newe. . 0.0065 (o.n18)
CarbineTon . 0.0033 (o-110)

HUT'H:Q 4 Mnutmi A.S.
Year . 19672
DDatA

EﬂPlﬂ.lr_hL DATA FlemM SURFACE LAYER

@Us @Js Wﬁ

2.3 o7 o3

MaTeRITY oF STRESS CoNTRI BuTien INRANGE O3 f < 1.0 (G_D:-w_uu Hss)




9

!3\:1'.«-5: NaiTo 3 T.’ET AL,

Year : 1962

Dare

I
Site oL
Tuu'ln 0 33 (ﬁPPRan. ONL‘Y.)
AurHeoR | PAncFsKY , H.A
Pear ¢ 1962
Data
SiTe 5 y(m) Ju—/—'LL Lu,.,(m') Lu.u_(_m)
O NeiL. 2 0.13 20 1o

Severn BRIDGE, 30 GO~ 130

ré'l“nlll.a ﬂlﬂ..’ SC.F\L.E; SMALLER THAN NﬁuTQQI..CAsE)- ALonGWIND > AcRess: WiND

Unst. PR ! Scates LARGER THAN NEUTRAL CASE ; APPRoX. EQUAL IN ALL Dith.Tmms_.‘

Aurrer : TAsaQuUILL P

Year v 1962
DAare ‘_—TI J:_T._ J"_‘\
Site ylm) Y (m) VA \r/l.)g ﬁ\io
0122

PoeTon 2 0.008 0.0% 1.33

AuTHoR © SHiIGTANI T

Yerr : 199672
Fiec. 40L.

!

Site yem) N (™) e
Toxio Suures . 9vSe ©-d4o O.2S

FiG. SHowS CaNUERGENCE o©F DATAH To MEUTRAL

Dara

INMDEXx VALLE JiR

ForR O > 7w /suc.

|
Cuunun-rs: /g{ nA> BE BUER ESTINATED Due To RESTRICTED
HEIGHT RANGE,

Aurer : TavieRr R.J.
Year ! 19672

Dara
REAQAUIRED FoR FLow

DIRECT INTEREST Dls TANCE

NoT eoF
Teo BecorHie ESTARLISHED To© HEIGHT 3 AETER CHANGE oF

SURRACE RoOULVGHMNMESS !—
=
/_'5 ~ |ca~ISO

FRICTIiew VELBC | TIES GiveEwn B Y

KaTo of P G L
1/[_}-' = ( /_S‘l)




2.40
Aurmer - BUR.NS,FL
Year : 19673
DatA
Coms-bf;as MHAINLY THE VERTicAL VeELeCITY SPECTRA AS
Meas YVRED BY AIR CRAET AND BALoonSg AT THREE HEIGCHTS.

Deate ofF \NTEREST ' ~

‘L!('rh) Ll.l'x_{m}
(=9 122
oo 28o
WHICH VALULUES OF Lu,‘ GlVe THE Bes T ®RT 1N SPECTRUM EQUN,
( Rer. Zerozex 1961)
ConmanT: IT 1S AssUMED HeRe THAT L in SPEcTRUM E2&un ‘L\n.__

' (0
IT 12 PeinTED SUT 1M LATER PAPERS THAT THE varReus L's
CCCuRRinG IN DAETA aofF THIs TYPe ARE NoT ALWAYS

ClE ARLY DERINETD,

Autrer . Byzouvh N.L.
Year @ 1963

Data (u/ﬂ)h =(o.134) o o=,
I W g <
Site . yOmy Yy (m) % e B D(m)
RoraL FLaT OvSo  0.01~0.028 0-30 0.0~0.20 0.0017 o0 (Assuren)

HeicHT of Lot LAavyeR > 7S m.

\
CQHHIHT". THE INDE > /-C IS HIGH Fa®R THIS TeRRAIN TywE,

Auther : Davan BoT A.G.
Yeak 1963
Dare
Mainly A REVIEW OF His EXISTING PUBLISHEDL PAPERS. Sum‘.gsrs
ADoPTiorn ©F FPanobsky /Hc CoRrmMick ExPReEssIon FOR VERTICAL

VELeC ITY SPECTRLUHN -

mn S,Ecm +
Ve .~ C 1+ 4F)

1<, THE SPECTRUM IS HEGIGHT DEPENDENT, WHeEREAS THE LenGiTubinaL
VELociTY 3PS TRUM IS Nb'l"( Ree. I)“UENF!!‘QQT, lclélo.)_

THe MAIN RELEVANT DATA <A~ BE SunmARised ®Y Figs 4oc, 4l

Conments : PressEntaTion of ya( AL A FuncTiony OF B e
DOES MNOT AGREE WiTH FiINDINGS oFPRES ENT WoORIK THE

[}
VALIDITY of O VARY (NG, AND THE A VALUES RADoPTED WILL

B DISCUSSED 1IN THE MAIn TEXT,




Autwmer : Jensen M.
Year : 1963
Darn

QUGG ESTED THE FolLOWING DATA Ms BEING ARPPLICATLE

Te Ay LRAAN ARERA '~

q”ﬁn 'h(-m) H.6m By‘h

D.25 21 io o.s

D-14 O.23
CnHHt—.uT.s: No BAsSIS GIVE N Fo R

CHeI1CE o ARovlR
TATH .

RAuTHeR NRRKEE, E.H.

Yepar : 1963
Dartn
Sire () Ca
1] Lan
== 0 Bhea 1
Oren UreAn, O~ 10 0:16~020
CornmenTs: INSORRCleNT (NESRMATIon PUVAILAGLEG

FaR PEaPzR
ASSESE HENT OF WORK.

RuTHeR | FANOFRSKY , H.A.
Year - 1963
Data

Site H (-rn) 306‘) g ('ﬂ'\) (‘J—%) 3o

O'Neiw. Ouv 8 0:006~0-0f O-00RG (0-123)
Aurrer : Poacar | F.
Year @ 1963
Dara

STUb‘r MADE IN URBAN RAEA oF Lnutsuu..l_e IN ConDITIoRS
VARYING PRoM STABLE To UNSTA BLE. Fouu_b HMEan Wikd

DIRECTIion To BE NDe PENDERNT OF HEIGHT

N Rf’n«:(;-l.—':J
O = yom) = lCo

AuTHoRr SHELLF\RD’ H.C.
Year . 1963
Data

THE HMAIN I™MPoeTANT RELEVANT PoinTS FRon THIS PAarer ARE
SuMmAlR \SED AS FoLlLoOwS :—

1 "t
(G-) THE Powe leEX, ’{K. : TAKEN AS Ol ~ 617 Far

GEMNTLY
ReLLing f—hUNTRYSl‘bE’ WITH ScATTERED TREES OR OBRTRLUCTIONS




(c_) SvecesTs

QueTeD

&) Fricacey & isassunes Tte BE

AND REGARDS
INRPPROPRIATE .

IN THE LITERATURE

2.12

of THIE ofDER of

Soco m (I6SO© £T.) AND IS Pess 1BLY NeT Too DEPENDENT ON

THE TeRRAIN ROUGHMNELS Yo (s.e_- Bmcxn.‘nqlz’ I“H.E)‘

1
o O-23 FeR URRAN AREAS SucH AS Lo nuDown

)
A VALLE o©Ff A= 040 As BEING QUITE

L]

]
Suc.-c.-at.'rs. THAT THE HIGH /i VALLES

For ULRRAN RAREAS ARIsSE FRorM

TAKEN AT LEVELIS WHIicH RARE Teo

THE USE oF oBiERyATIONS
Leow TeBE REPRESENTATIVE
EXHHDLE_J
HEIG-WTS

MADE NEAR THEN LUP Te

BUILBbiNG HERIGHWT,

oF TRLUE <onwDITIioNS.

Fer

BuiLDdinGgSs CRAN ARFRCT VELECQITY MEASURE M ENTS

of ARBouT TWICE THE

’ TF\VLOIE 'R.J.
1963

RAutHor
YeAr
Data
—
-
CrHange OF wind DIRECTION WITH HEIGHT 22 25

I~ Heient Rance

S s
© ~ 36b™ (1200 £7)

Auvtrea : Pavenpeer A.G.

PREVIoU SLY,

Yeer : 196 4

DatA
MosT of RELEVANT DATA ON SPGCTRA " WD Yy, N PREVIeUS
Prrees, Howavar THE "auQFACE DRAG MEFFICIEHT“ (K) =14

VAR IoUS TERRAIN TYPES ARE DEFIuED IN HORE DETAIL THAN

r 3
“& = (%)

Sire. K (Gw) K (U.) W Bw
4 ’Qouq.H,nPeu\Umt. 0001~ 0002 ! 0:06a4~0.0009 o.10 oo (Aisuned)
2. OrenGrassLAanDd, 0003 ~ 0005 :0.0008~0-0014 .16 "
3. WoenLAndSUBURES. O-OIS ~ 0.030 :0.001S~0003 ©.23% "
4. Ugsan CenTtRes. ©.030 ~0.050 :0.0011~00019 ©.40 “

K (U.) © (m)

y 0:000S5 ~ 0-00| 27s
< 0-001 ~0.0017 277S
3. ©.0017 ~0.0039 400
4. ©.0012 ~0.0020 S20




Puu'ruaﬁ. . KF\\MP\N“BEJ Y

Yeae : 1964
Dath
SiTR . Uo () ‘/o{. ('Eg)u
Toxio 2.32 o 285 (o.341)
o.117 (o.153)

Seanp lAnn, ©0.044

TH\'.‘. DHETA HAVE BEEW ALISGEESSED SUER & LemG PaRIOD

AN INnDeEx of ©.24

AND THEREEFoRE SERmM PFAIRLY RELIABLE,
HAS BEEN QUOTED FRO~ THIS REF, FoR Tnh:lo’ Ho WRBUER THIS 13
OFfF THE RESOLLTS SUOTED . [HE Mmam

THE HAYXImMuR LVALUGE
WHICH HAS REed TAKEN ~As Beini

s avsTeDd As O-28S
oF ALL THE

VALLE

HoRE RePRESENTATIVE SITE DATA,

[AvTHer ! LUHLEY‘IL.’.PHNOFSKV’H.H,
Yeae : 19G 4

Dara
’Rr.;__auhu? SRC<TioNn COMNS ISTS MAINLY OF AUALITATIVE DiscUiRion

ot Baoumwbpary LAavar

HAS BEEWN ExXTRACTENR'-

STaruc TurE < THe FPoLL o wing DaTA

EVU* c‘570-&- ’ﬁ'“/u.
oS 2.0 1.2s
.33
Q.77

0.87

ABous DATA AISLUMD To BE INDRPENDENT oF HEIGHT RBOT DeRFENDRNT

O TErRRAIN TYPE .

- N
Jt_r U = o-ig

& For 2 < Yy(m) S 30 s 00648 <
IF JE)U‘ = .2S THEN | —
v>r = o-s '/E.,._ e
®) o
Sive Ym) _Yo(m) B (r%)» Yolm)
Nouns Hice 11 0.10 O.208 (0.218) (o0.30)
Besok naven - R < R (c.242) (0-49)
46 Q. 169
@ 91 0.146 _©.123
Ir Ue = 2.0 THEN ! —

g » o8 by Th




2. 14.

©
e ~Ue =2.5 THEN 1 —

»\]—ﬁ-"‘/._ = 40 '/&*]4_3/3;

Esnrﬂrres of THE TuRQ BuLENCE INTENSITIES FRaoam~q THE ARous

Er¥PRESSIONS PRE AISUMED To BE ACCURATE To AT LEAsT 2074,

Discussion oF SPECTRA ARE MAINLY | —

@) Lbud-l'ru‘b;uql. e

MosTLy DAveEuPOoRTS DATA .
(b} LaTteeAL :—
Cohn;urs HAINMLY oW STARBILITY EBERRRCTS.
(©) VeeTicavLi- e 4%

MoaT oF THE RELEVAMT CamMMenNTS |N PREVIOUS  FPANMafRSKY

PAPERS . Q.j_ LU",‘_ INCRGASES WITH HEIGHT UP To
o~ 200 ™ (.530~f-¢.o FT.) AND THEN |3 ConsSTAMT UWITH

INCREASE OF HERIGHT,

AuTror @ Mumnn ,'R"E,
Year : 19G4

Suve. _ytm) b e
DoueLas Pr. % Revoces ConsTANT
2Ss 8y S0/

CormEnTs. DATA MAY ONLY APPLY To STADBLE CoNDITIonS — DIPRCLLT

Te ASLTELS .

AvTHeRr ° NoviKon EA, StrwarT R.W,

ear : 1964
Data
MHIHLV THEORETIC AL, SUGGELTS THAT THE CRoBABILITY

DILTR I BLUTion ©F THE FLUCTUATING VELSCITIES HMAY DIFFER FRoM

THE C-Au:.smu DIATRIBuUTIio0




AuTHoRr —Pﬂsquu..l.., F., BuTLes ,H.E,
Year : 1964
Datn

On DeRIVA Mo 6F LENGTH SCALES FRoM AUTO-CORRELATION 'DF'ITH’

IT 1S SVOGCESTED THAT THE eEsTimATiend oF THE TIiME T(wr t;)

US UALLY DErMAMDS SomME DEGRe&k oF EXTRAPoLATION ©R ADITUSTHENT
BEcAUSE THE REQUIRED c<onDiTion of R(E) FALLING To, AND
REM AIMNING 3 ZEROD 1S NoT ALWAYS RARCHIEVED 1IN PRACTISE.
ALTe2 NATIVELY SCALES ~MAY BE DERIVED FRer SPECTRM ! —

ConsiDER FoLLowinG FORNS oF THE SPECTRA _

n S(M) 2
@) g* = WL HReN) - CopeesPonps To ExPam. AUTECORR.
n Stn) ~N
@:} o~ — W - -P‘HQESKY,HL CaRnic x
S N s
Cc: ) o = (1+hr N)“Q = Poussws /3 LALY,
WHERE N = n/‘QP , Rp= FQEQU!NC_V AT SeecTRun PEA K,
WhHen mTM=o )
SCo) = 4 Q'xt,, ('.Sm:p_ SrEcTRUM 138 FourigR
TRANS Fa2 o Coiﬂn!.hTtoH.')
HD.H cCE
SI\NCE L = @ t;.,
¢ (@) . | by_ | <)
s L Ll
L-"- 27 urrlp y /4' . /ﬂp ; /4 'L'/Qp

Sire. Y () 8 wac (™) T
Geaass LAND = 4

Auther @ Sincer , 1A,
Year : 1964

Dara
MainLy A REVIEW PAPER, (!_:L(m}) -‘-(0-‘”)
Sire. yem & T e TR B ](“T':’L);
BrookHAvEN. 23 022 ©3l 090 ©04o ooca32 [(0.225)
o O-24
& ThAxew FRom PREUIDUS SITE DATAH,

THE REMAINING POINTSOF INTEREST ARE |-

@) |t was svecesTeEn THAT

L.u,,_ a2 'E.‘.Lu.!




2.16
®) Toe- A& o REC ARDED AS BEING APPLICABLE TO LoweR

FRE QUENCIES FoR THe LonciTudInAL SPECTRUM THAN THE OTHER

SPECTRA 1€ LocALLY \SaTRaPIC FLouw Dowwn TO APPRow -~

u./n < 4100(m)

(_c;j Coumzheb THAT TwHa FLLUC TOUNTING VELSCITIES OReY M

NeRmAL o GAussiau DISTRIBOTIoN LAw.

-_—
\Im -
Corm-qau'rs: The vALue ©F ©.9 Far THE QUANTITY /ﬁu’.‘ 15 HIG-H

— IT IS Poss BLE THAT ITHAY Be A FuncTion OF SITE RsuGHmMeEss

AT Lous LEVELS.

Aurher. Smm’ -~

Year : 1964
‘:E)ﬂ'rﬁ ¥ Menawn Vlu..ugs ofF SeEvVarAL Runs TABUWIATED As FoLLowS! -
' bl 3 "L:;l P i
Site. % Ym)  y(m) E/& Luwtw) U (%)30
Toxio, 0.302 2.32 26 0228 ' N7 o.0o2 | 0.20
7 ©O.1k4 228 (0.29)

1077 ©.13s Re 4
173 o©.n4 230
RS3 O0.088 287

Lux EstinaTeEn Fese  sPuECTRA.
THE VARIATIon ©F THE l?EvuoL.bs STRESS LT H
o P42, CLearry THIS CAN BE TAKEwN AS ComNSTANT
of AT LeAsT 200m (GLOFT) BY IGMoRING

HBIGHT IS SHow N

UP Te A HEIGHT

THE LowEST ReEADING, =

WS e n
Ck = /tl..

CQMHENTS: TH‘ TUuRBuULENER INTENSITIES WeULD BEeE EXPECTEDT Tob BE

HIG-HER e.g. f. Sineger 1964:—
=k

‘E:‘R H:llo o, 3 Py = O 29,

AuTwHor : muuleR,R.H.; Lasre, U.o.

Year : 1964,

Data ‘ iz .
SiTe, Yoy ) /L. Ty ( %);b
Cepmr ML (oren 10v137 003  ©-143 0.00145 (o.14s)

FIELXS ) SnALL oRCH mzbs)




Autmer : YAmAneTs, G-.-j SHiMANLK] A.
Year 1964
Dath .

Site Yo (m) ( ) 20

Torne |.45~ 1.8S (0.345)

OrHer RELEVANT Points:i-

Tukx nuess ©F THE CoMSTANT SHEAR STRESS LAYGR Founbd To BE
GRaATER ovaR RouvgH T AN sSHMoaTH TRRRAIN L.e. COnNS TANT
SHEAR STRESS LAVER EXTaEnDS To A HEIcHT of ABouT 200 ™,

Meostriy THEsRETIcAL PAPER,

AuTtHoe: Bernas S,
Yemr @ 1965
Data

Quntvses THE SPECTRA oF THE LonGITODILAL VELOCITY FRoM™M

VARIDLS SITES 3 FRaer THE DATA FoR ALL THESI\TES ColLlLECTivELY

THE FoLLowIiNG I DEDvCED -

Yoy B LA SR R T NG R o 186 G St o
L () 286 311, 8§34 2.4 , 496, S5S, BR 96, 6
L TR Y
134 . 78

|N sSRDhER To ASsSesSS o uwa Lu..._ VARIE S AS A FuNnCcTion aoF _:‘:;
DATA FRoewm SoeHME PARTICULAR SITES HAVE BEEN AAL YSED Te

GIWE THE FolLLo wiNG:'-

Site y () ) Luse () vy
BreoxHmwen, 6 oo Rt
Rovmd Hiee, 16 6.1~ 0.04 ss 0.0028
CaabingToN. S o.o0l a2
Brook Haven o4 lLoo GG
SaLe 46 0.0258 96
Lu, d4nceeEpses AS Y, DECREASES

24

o- . 05
AuthoR svccesTs | Lu. o0 Ci (C‘F. Wess SS | Lux o< y )

Canneu‘rs: SOHE TEGPEE o©oF ERRoR 1S PoSsI@LE IN THE ABoVE DATA
DLE To THE FACT THAT THE NBULUTRAL CASES | FoR SoHE *:..n-esl
W ERE DERIVEL By INTER PoLATION 3 HoweveER 1T 1S

CONS IDERED THAT THIS ERRoR SHoulLb MDT BE E©xCESSIVE,



2.18
ANALYSIS ©F THE DATA INDICATES FAIRLY CoN CLUSIUELY THAT THE
TURBULENT LENGTH SCALE INCREASES A S U, REDUCES. | HIS PoINT
s wWeRTH NoTING SINCGE MoRE UPJo-DATE LITERATURE SVGGESTS
EITHER THE oPPoSITE oRTHAT TI'HE LENGTH SCALE |S INDEPeENDENT
-5 BT Wi THeLT 'waeuen.‘ HAUVING ANALYSED ALL BF THE

AUVAILABLE DATHA,

Autrer : Bilackavnar SRk BT AL
Year : 196S
DATA

Muew ©F THE RELEVANT DATA HAS PREvVIousLy BRBEEN
Ex TRACTED From 'Bn.ncu-nbnca("uaa)_

Ao iTionAL T©ATA INCLUDE -

Site = () U-'ETJ:
Peeoxk Haven i lL.oo o.0o2S8
Hhuﬂoi‘.b, 0.0S O.co12

O Neww | 0.c06

SUCGESTS THRT VELOCITY PROFILES DBEVIATE FRoM THE LOG-LAW

Fer H = IO To IoGm.,

Putuor: Byzsva N.L., MAsukova, G.B,
Year ! 196 S
Dara

Autkor ¢ DavenssT A.G.

Year | 196¢S

Dara sieee
Site Ym) __LL(:) Z( ull{jf

Lonpon (ONT.) 25~ 4| 2.42 0.36 0.00i6




21419,

RAurHer : FHLLER’ .

ZES. o l196esS

DrrtAa @

THe LARGE EDDIES 1n ADIABRATIC SHEAMR FlLows ARE

ATTRIBUTED To SHEAR INSTARILITY OF MEAN FLOW. SUIGESTS

THAT THE VERTICAL VELSCITIES INDuceEDd BY SucH =DDIES coauLDh BE oF

THE oRDBER O Us AND THARAT SUCH EDNBIES MoUE SLOwWLY IN THGE

MeAn FLows,

Autkor @ Laeee | O.S,

Year : I9%S

Data

MANLY CoNCERNED WITH VERTICAL GUSTS RE-EPFREC TS
oM AIR CRAPT,

PoinTs OF INTRREST -

(@) SPecTRAL Feen 6F VERTICAL GUSTS REPRESEMTER BY -

s ol
#(R) =~ Tivemkl):
WHERE k- n/L_L’ Lz ScaLe PARAMETER ) FUNCTIon oF 4 ANL y .

-
= i
&) J ASSUNEDL CownsSTANT UP To Y ¥ 300 m,
(C\ Lec-LAw Founn To BE APPLICABLE UP To q4= V40m,

AWD To FolLow THIS LAwWw ™MoRE CcLosELY AS Bh INCREASES |

RuTthor s Moulu, A.S.

Year ¢ 196s
Diata
Mmm._v THESRETICAL PAPER
2.4 S 0.8

Suﬁ-nesTs. TURBULENCE INTENSITIES ARE DEPENDENT ON THE

VARIATION B8R THE WIND DIRECTION WITH HEIGHT e,

kS
AFS o ok Suw B '
AT =~ Tverp B Ginuce oF winn BiRecTion = SC

Aurree @ Oliewant  J.E.  Panersky  H.A.
Year @ 196S

Data
Toiscussion oF 3“ VARIATIoN AT BReook HAVEN AS FuncTion ofF FETCH,

. - A Y
e, THERE ARE Two LAYERS FRom WHICH Y  mMAY BE Debuced (5&: LaTER -

Frizasua I‘l(a'?) . HEAwvVALUE IS 1.om (CLz S-Sh) FoR h = B-2m.




.20

AuTeeR 'Pnuol‘-sk‘f, H.A, Smc.en’l.ﬁ.
Yerr | 19S

Dara
Geuennu PoaiuTsS ofF INTERRST SUGGESTEID -

(@) Uppes secTioms oF BOONIARY LAVER GEEDIES ARE DOoWNwWIND

oF LaoweR PRETS 5 HABVING SLoPLS OBE APPRox IMRATELY i) Thue

Te wiNk SHEAR,
(.‘b) L.u.“_ INCREA S ES WITH HRIGHT AT Slowek RATE ThHAN : 5

Suc-cpes.r‘s,
o 6

Ly ob Y
CoHH.e.uT's.‘.

ThHe Refsoms FeR THE DISCREPAMCIES

Lu,,_ as f( 3) WwiLL BE DISCussED LATER .

IN DETEeRMHMLAMING

Autior ¢ e Can. Conr. on MiczomeT.
IE_E‘.E. L 196S
Data
Paegtic buae DATA Site : O'Newe | Ldb(_’rn) = O.0067

g WAe = 2.0 }
< HyU* - \o Fies. 43 449

G’EH'B.?.RL TAaTAH

\w Figs. B =
e = ‘phTEHT‘I‘-\-L TE.HP.

gc.n"r‘rc,w, cAN PRARTLY ATTRIBVUTED To 3INTE DEPEMDIAMCE oF ABoVE

L3 N
CONITAMTS,

Author ¢ Swansewn , RN, Ceaner, H.E,
Yeae : [96S

Date ! o
Site h () b (m) _i(ln) J;ﬁ\
WHITE SANDS 2:S 8

(BEU&H ToPPEL SAND buuea}

-;r_—_.a Douuve PITCH,
@) Lowe.mann LaT TurBuLeEncE ARE SHown To DECREASE WITH

INCREASE ©F Y FOR ALL THeRnNaL STRAT IRicATIanS _ FIG. 4S5

(b) Suscests

Vg - cy®
wrere C= fu. o Yo
) Fe. suvecests Ja.‘/ll = 'f(l:l.) AND GIUES

(J&\'i) ¥ 0.20 For | =30m.




221

Year ! 1965

DarTh o

RAuTHer ! Z'bRo':_E\rJ i =

Mamiy ConcERNES WITH HETHODS oF ESTINATING AIRCRAFRT GUST

Leabs, MAain Pointe OR INTEREST ' —
CQ‘) ﬁ/a., * O.20 (T‘QQF\&M ?)

€)) SCcALE OF TURBLULEWMCE INCREASES WITH HEIGHT ATLEAST

LPTe Y= 3com,

CC} SUGGI.STS. SoME ComFusiond EXISTS TDULVE Te DIFFERENnT DEFINITIONS

-

L
oF LeneTn Scates eoF TuRBuLEwcE.

(d.) Hss.unas
luy, o6 Y.




222,

RAuTwer: BRRQV’—F’_I_
:/_E-_".'B_ e e AT A
Data

MAiluLYy A CRITICAL REVIEW OF METHODS OF ESTIimATING U*)
W HICH GELVGRALLY INveLues A KNoWLELGE ofF Y | THe Plbaa(iﬂsq)
DATA 15 Cous | DERED IN SoME DETAIL RE- :]" EsTmATES, ALThouewH
KiDeR QUSTES AVALULE OF .gn“ 0.32cm FRom HIS DATA | THEe AUTHoR
SHowsS THAT IT 1S PoessI1BLE To ESTINMATE A VERY wWIDE RAWMGE oF
VALLES FRam THE HEAQSOURTHEWTS.
COH"IEHT.S:

THE MAw PoinT HEBRE A WHICH ISBaLY ConsSIiDERED RBRIERLY
IN THE Qg‘pna'r, IS THE FACT THAT THE DBATA ONLY CoUVER A RLAnGE
OF HEGuT ©F O~2m. Hence THE RHEAN VELDCITY MEASUREMNELTS
MUST B EXTREHELY SENSITIVE To SHALL CHAVGES IN SuURfFAack
VEGE TATIoN AL PReBARGLY To Winb 'chaCTmu; THIS ™Ay Leal
To wWibe VARIATIONI In THE DbeTalriuaTion oF 4 RATHER THAW
THE AwAaL YIS TECHMUIQUES LSeED. Tl-«..n.g FalRE Twe :3“ vALLE

QusTrI> 1A 'r?u:nuz 1S Taken To BeE ReLiABLE,

AuTHoR ! DeLanDd ! R.J. 5 Blnwuusm, ES.
Year ! 1966

Dara s
Sites. Yy Ye(m) “
MisneAPoLIS 1SOm + (Rw+) 0.21

ST Pauw
LouisviLLe ~ (Cm + ) 0.6

Dt ©f Lot- LAYER 30eeRSTED To BE o 160w,

Autroe @ Euvnerwxin, CE,

Year @ 1966

Dara T m—
Site Yo (m) y (m) JE}LTI. J@(l ﬁkﬁ u./tg: % O
HanroR™ ;.oas 3 0.23 o.1k ©.41 0.00/8 ©.000332

G. o.13 (= 18 2 0.09 0.00(S 0.00012

Ty, 5, VT, B B Lae

v 2.04 .32 0.770 0.4% 2.2
2.6I | P | .33 O.67 0. S5 24.0
W: o12 (De Haneas 1959)

Estimates Giwve .:|°= (0-023'-‘) 3 (ﬁ‘/ﬁ.)h = (0-14\)




Autuer : Mac (rRemdy P.B.
Year : V166,
Dot !

:Dzm.s. WITH HEASUREHENTS ©oF MEAW UELoCITY PReFRILES

.G, STAMNBARD DeviATior OF WinD DIRECTIon IN VERTICAL PLANME

(N eFFeeT VERTIcAL TORBULEWCE) 1S Gluew A

Go= ©O.42 (Lﬁ‘ 5/3-)

(CF. ’phuot:slcv,f"lc.(nltnuck 1960 I —

J:\;‘u ~G.s (]_ﬂal{ B/:j-) )

e 2.

AN ERRoRS INveLveD Due To DEvVIATION oF WIND blﬂ.uchNJ

[y
/U.u. AGCREES WITH E.G, PRNqulcY'H(CnE.Hm.k lclfaD)
TasQoiLL 1962,

RoT Gurucn 1962 Gilves - ©.70.

RAuther : MoeRDukovicH  H. |.’ T%UANG-' kiR
Year : 1966.
Data
Sire _lj(_m) JE‘/U-& E’ryu*
Oren CounTrY 1 2.3 1.2
-+ 2 - T
ﬁ‘/u.. AGREES WITH %UIHBRMK 1998 AuD Zug kous kil 19672

Autrer ! Krevs E.B.

BELow THIS LAwW OF -1 ®Brrs paTa BETTER

Year @ 1966
Dara
Iy
Assumed £ =014 ,D:-coom FoR EsTINATE of STRESS
QU .
Sire 80w SNCNY 0%
Sen o~ 1D 0. 0001 0.00036
Auther ! Ponb |, S. ET AL
Year 1966
Data.
Site | Y (m) JI/L’I.
Sen i~5S O.40 CDQNHM ?)
v e L
E-SPECTRA:! ~ ‘3 LAW APPLIES Dbwun To w = 0.002‘5‘)




AuTror ! "PRITC.HF\R]}J FE.

Darn

G‘zuaenuazb TATA ofF

STRUCTURE OF TURBLLENCE FoR
Use

W AWRCRAFRT DESIGN CALCULATIONS,

Maim RELEVALT PolxuTs ARE AS Pollows'-

A Ly, 'Ncerzazss (utu-rtznt. TATA) WITH NcrEASE ©Ff HEIGWT
LP Te ABsouT | 20w, ALD 13 THEW ComSTANT LUP To A
HeiGwT oF Y= 37em (Bie. 4G)

(i) Fewr

u = | SGwn ALL TuRROLEWT
ASSum BT

Fnl’a

LENMGTH ScaLES RERCE
Te B EQAQULAL.

H < 1S9 m

L“l/l_u-,_ 2 Lu“//l_u*,,_

= 1.3 (Umv arpw.ox>
(lll) Fic. 46

INDICATES

THAT THE LEmGTN SCALEDS DeEPEWD
oLy O 3 AuD THE TesdP GRADIENT 3 BUT OTHER WoeRkK
(m.c. Tavier i‘!&.s) HAS ASSLMED THAT GReATER ReLGHweSS
Glues CRERTER LEWMGTWH SCALES. '

. = %

(v) Fie. 47  sSwows “a

TO BE APPRoX.

CamMaTan T AS
Y WICRERALES UP To ATRsuT 37com,

(v)

Tule'sux,\zuc.& ASSUHED T BE 1Se TRaPlc foe 3 > RAaom,

(vi)

FQQ _\j < 30m  —

-

=
m&'\. = 0‘6(3 5 J\;‘/ R‘ o

=

Cﬂvwzmc.. \Jl\LUE‘E.)
(Vn) Oue of THe FesT ATTERPTS To Define ThHE TURRBLLEWCE
INTew=ITY A3 & FuucTion ofF TERRAIN TYPRE; THE
VARIATIONS SuGEESTED RARE VERy APPRexImATE BOLT
CAMRECT TREUD,

Givae THE

2.24.
Year : 1966



2.2S

Rotwer @ BrackAbar Ak CHaruin AS.
Year : 19677

Dara

—Pﬁ'PE-.R IS MAINLY THESRETICRL. VELucn‘ry PRoF® jLES ARE
ANALYSED UP TO RAHEIGHT oF 200m BASED o THE ASSUNPTIONS
i
THat ol IS5 ConSTAMT NEAR THE GRoOLND | THEN VARIES SLowLy

WITH HEIGHT AMD FiIuALLYy VARIES HoRQRE HKaPIDLY,
|
They Assume o' 45 ComsTAUuT FoR O = E-}("“) = 200 AwND

HENCE DERIVE |-

as/U# = l/k Eoﬁ‘(i—;?‘.) +CF§

WHERE

F
C

2w Sun o CorioLis PARAMETER,
Conwst = ‘F(LL;. 5 a(lj ?e) -~ A RELATIONSHIP FoR
WHic wAs DeERIveDd BY Bl.ncne:lm'&.

i Y
TH|$ ERRECTIVEL Y PReDUCES A LigeER PLaeT ofF goa‘-‘-"y UP Ta

THE KHEIGHT TO WHICH AWALYSIS IS CARRIeD QUT. HERE FoR E

Ho VALUES CAN BE DeRiue FRom VEwLoQiTYy MEAsVReMEATS HAauk

LTSIk rHE TRuUE LoG-LAYGER,

COHHEMTé .

pl'a.wa AVALYSIS MAY Be JusTIFIABLE on THEoRETIC BAsIS

BUT CAMW LEAD To LARGE E2QRs |IN DEMERHIMmATION OF \\T“' THis

Wikt BE ILLUSTRATED LATER,




2.6

RutHer : bﬁVENDﬁRT. A G.

Year ¢ 19677
DatA

MosT oF THE RELEVANT DATA ALREADY ComnsiDERED PREVIoLSLY

1N THIS WoRK,

DITE, Yelm) Ylm) % Luxem
Qr. Louis. .7 3is2 0.8
MonTRrRERL. l.o 2~ 3860 ©O.28

76 1o

Me i PoinTs FRoH FAPER !
@ TREST AVRRAGING TIME _FoR DETERMINATIoN OF W v 2OMiNs,

(b)) For BuiLT-UP AREASs W ~0.36 (C{Tmueubnm (=3 4( o- «:)

() LrRBAu ALD RURAL SPRCTRA 3w To BE smn..mz, Fic. 48

(d) Kecewt DATA COMRIRMS NORMALITY oF PRoBABILITY DISTRIBLTIo
oF FLLUCTUATING VELOCITIES,

(€) SvecesTs THAT THE THESRGTICAL INUESTIGATIONS OF THE
VeLoaiTyY PRoF®ILE CC.G. Tmose oF Buackadar : Lettavu E‘Tg_)
CAnmbeT BE UEBRY RELIRBLE SINCE THEY ARE BASED ON THE
AVAILARRILITY OF kNowWLEDGE ©n THE EDDY wscia-s:'rv,‘ THIS
RESVLTS IN SoME DEGREE OoF EMPIRICISHN . Humc.e DERNnING

[
THE TereAin USee X Y, ETC DATA IS censi» &Red To BE

MoRE RELIABLE AND PRACTICAL. N.B.

Rurher I)HUENPQQT" R.G | lsvuneov ,N.

ZEE‘.E. L1962 (o)
DaTa —
ST R YoOm) Y () ﬁ}"& (’JQ;&);Q. (ﬂ_f:))
BPeesicvauven l-O0 238 0.32 0.2% 20
2s 0.275 0.27 (lureap)
46 0.23~.24
e o.214

THE bﬁumbna'r FoRM afF THE Lbuc. S'PEC.TRQH 1S RE-QuoTEL IM

TekRms oF JiL = 2

n S _ (fn/u..o )

" S [+ (ﬁ)]

WHERE V= uf = {200m [ d-.‘ = 2.4S _ Dawureer 96l I:.]




e

RAorwroe. Erneerxin, C.E.

YeAR . 19677
Dara .
5_115_ Yo (m)  y(m) Lux(w)
HANFORD 0.03 . 16
G 1 32
LigeernL. 0.01 3 16
G.| 32

C‘!'EMEIZ AL POINTS [~

© SPECT :
@ VerTicaL ECTRA ny

SiniLAR FoR BoTH EsITE:S,' SLIGHT SHIFT aoF PEAK /11

VALUE FoR STABLE CASES AND MoRE Low FREQUENMCY ENERFY
s
FOR UNMSTABLE CRASES, Peak 7“4 occuRs AT ABour O'40

La}
( G+ 'Pﬁue.t::sky, HCSCorruck 1960, 82 s :-T/a. =< Q.é,)

(.b) lonGiTudwaL SpecTRA,
n%
5”-1“._9;2 Fo@ BoTH SITES; PeAK w AT 0O-03 (R'PPRnx.),
n
—~§/3 LAW APPLIES Dowmn To ABoLT

)
"4 or © 40,
) Larerac SrecrrA .
VAR A Tiors WiTH TERRAIn TYPE NoT A ComsSIaTeEwT AS

-/
FoR OTHeR EPECTRF\‘) 2 LAW ALSc Dots MNeT APPLY AS wkll,

AuTHoR . E.sroaue) M.A.

Year, 1967,

Datn .
MAaINLY THEORETICAL; ESTIMATES BOUMDARY LAYER PRoFILE
assurine CoRioLis EFECT IS SMALL, SHows LoG LAYER IS
SUITABLE UP Toe Yy ¥ leom AT Rouvup Hul site (see

THuLLieR AND LaPpE lq{.4.)

Rutrer FR_!Z'&OLH, J.A. ETAL
Year . 1967

Dara
Deriven oATA ) —t
SitE. Mﬂ) y (m) l/o( ’{j: Ul/f)-n- Lu.‘ (m)
BrookHAVEN. 1.0 3 0.33 D.ooz2S f.2¢ S
4G 1.1 194G
92 1.26 292
Ii?:. Llower LAveR oF FLsw Giues Y. ©F orber 100 ORCHs, _ HIGHER

LAveg Gies Y. OF <RDeR SEUERAL ™mb — Hence Yo lm,



e.2%

Ornee Gemezpl Points -
@) LenciTonDinaLr SeecTea.
Ne BEFFECcTS DUE To CHANGE ofF STABILITY ConDiTions.

@) VeeTticaL SPecren.
SPECTRAL PEAKS SHIRT To HIGHER FREAUGNCIES A Y INCREASES.

©) Lateear Spectra.
SPECTQﬁ-L PEAKS SHIET To HIGHER FREQUENCIES A3 g luczgﬂﬁe&.)

ALSe [NCREASE OF Low FREQUENCY ENERGY AS ITARILTY

DECREASES |

AuTrew ; :I'E:ues.,?-ﬁ.) Witsewn C.B.
Year ¢ 19G7

Data
1
For Ursan ARER /ai = 0.3 MMoDELLED IN TumuEL

BUT Su6eesTed O'SQ MoRE ATPRPRIATE (Souecz ?>

Author @ Kainal, I.C..} Havoen, D.A.
Year L 19677

VEQTN_RL_ VELoCIT IES OokLyY ColsiDeREd,
Site. Y ()
Cepae Hiuw, 46, |'s‘7: 2’229, 320.

(Fuat Terans)
Main Poiurs -

(a) Fie. 43@) SHows TrPcAL VARIATION OF NEGTRAL SPECTRA
WITH INCREASE ©F HEIGHT. AGREES WITH ﬂuo@tt’?lhcﬁblﬂlcr

@‘“30) TATA, € Np DTECREAIES A Y INC(REASES. ) AL%a

‘FPC* m‘v\i) LIES BETWesN O.IS AND 015 (C‘F. O-ES'-!'%‘Q“D&TA_\

(‘b\ SHI::.\.:.IS. INCREASE OF SchRLE oF TurRBuLLEwWcE UL® To g of

ABoLT 2&OmM 3 THEN REMNAINS CoRSTAMT R STARTS To

DECREASE SLIGHTLY WITH INCREASE oF 5 _
WiTH KePRou (?nb') AND Heoes ('(s'?). The FORMER INDICATED
FoLLoweDd BY A GRADUAL

THIS AGREES

Pr =AU~ AT "j'.\.-Zeo'M. )

DECREASE To ABSLT 1060m. AND THEW AN ARRURT
DeEcReASE To VERY Losw VALLES,

CC) SH::NSJ 3 £

(EL) o5 /Qp wHeee € = DissiPATION.

(ALso svecesTen By PhAsauel 1967.)

OR Diss\PATIiom <A BE DeERVED FRow BPecTRA Si0CE

&(va) oo E3CHY




R}

AuTHeR : Kl._u.u.eJ S.J. et AL,
Year : 1967,
Dara
MainLy ComceRuiad G THIE BoombDARY LAYER STRuc TURE FROM
ELAT PLATE BoULDARY LAYER MEAS URE MEMTS, Olewed THE
of Secemp aRY veeTiciTy ((LARGE ScALkE Eobles of

ExisTeuce
Townsewn 1957) N THE INNER REGIGN of THE BROONDARY
LAVER. T 1s suvooEsTeDd THAT THE ACTienw OF THESE
SECoLDARY VORTICES ON THE SPAMWISE VORTICITY GIES RIAE
Te TwHE FoRmATIo OR WALL sSTREAKS, THE FLoiD SLBSERUEMTLY
E TecTed AWAY FRom THE WALL IS coms | |DERED ToBE THE
MAIN MECHAWISH Fol THE TRALS FeR oF TLRRLOLENT EHEMGRGY
RETWEEA INMER AvD DUTER LAYERS,

Qaunu‘rl‘rq-'rwe' DTATA INCLLOUDE INTER MITTESCY

HMEASUREMENTS ( . 49 :L.) (5&\'. arse Coresin ; KisTLer 1‘354)

AuTHoR ! |_||__|__y'*b.i<.1 Panorsky, H.A.
Year ! 1967.

Data_:

GeneenaL Reiew Pacee,

The RaTw oF

S Lewte. 4,
S(my LAT. ‘3 (1o EQTIAL SUR-RANGE)
IS GemeRALLY, BUT NeT ALua‘ys’ AGREED SN IT HAS BReEEn)

com FIRmMED THAT ITS ACuRAcy DePeuwbDs on THE Acc Uk ACY OF

2
THE /3 PeoweR OF THE DISSIPATION TERRM £ (a:e :.3. KFHHAL.’

Havcen oe PRssoill |"-7H.,"7_)

Autier : Moore | D.J.
Year @ 1967,
DaTa
Poiuts ©f INTEREST -
@) ToRBULENCE GEMERALLY ISsTReic AT 4> 2oom
Cie, V6 = ©3)
(b)Y (ﬁ}/@) ¥ 0.7S | wHicw AGREES WiTH FLAT-eLATE DRATA ETC,
(c_) Fer @ = 10 /sec : J.F'U_'-L DRCREASES WITH INCREAsE OF 9

LPTe 300m™ 3 ABOVUE THIS HEIGHT THE RATE oF DESREASLE

SLows Douww,

€9 =
(W)“b"‘m‘ igm. =~ O- 40

AND (\H}:)Ilmwﬁ)mn Se iy i,




2.30
AuTtHer | FAsRUILL ; =

_\)feicz__ A IS
Datn
Site Y(m)
CarninGTom. 300 ~
1200 .
gHoua RELA Tion SHIP RETwEEN A A DISSIPA Tiesn !-
DissiPaTIen Uz/
g = Pal..]
FrisD U = O._l:l.d
ALSo 'DP = u'/‘iH&r (np = Sere. Prakx f-‘er.—:&uaucy)
—y gk ae
o | o T e e
WHER E s B S A Hag AT &:o--q.

NoeTiE ALSe DIissiPATIon TERM |IN EXPRESSIon FoR SPECTRULM

INERTINL ReroCE ;

-y 3 W3
SCn\ “ud A LL . &E . N [C= Con&'r.]
Auther : PrRoulsesn, C.A.
Yemr ' 19677,
DaTe =
S o i 57 1
Sl"l"E 5 o(m\ i U. /d* (3553_
Sen ©.0004 0.0006 o.41

]

(%;) ® iy (l + .07 Qw)xio

; W= VeL. AT Y =1om.

Data fer VARIous ConDiTioms of TEMP STRATIFICATION SHowa
~w Fe So (F‘l‘bmn Data D"‘)

CcHr-lE-u"l's‘_

TOATA AGREES VERY WELL WITH OTHER SEA NEasorka™ BEUTS,

AuThor Surau.&nbl HiC
Yeae : 1967,

Data — — —

Site 4Om)  yalm) % T2 hew
Lonmen . 42.¢ 0.29 0222 s 7

Gl 0.20

| 89 O.i2s
MenbLESHAN | 12-3 ©.I13 o.17 =

a-s 0.099

3co

0.064



DATA
Yy (™) JEV‘I-
42.6 OIS~ 0. 372
(<9 014 ~0-27
189 0.07~0.18
THe vAR #TIon OF THE GUSTS WITH He.tG-HTCH_E‘ua) IS SHewN
Te Fatiow A PowER LAW

HAUING B PoWER INMDEx o€ O.09.
C_DHHE:HT.

The HIGH TuRBLULELCE MEAsSLRED AT 2o M, (HPLIES THAT
‘E:b FeR f\’ure.m.. TERRAIN IS — 3acom™m.

ALY SueLtesSTeED
D aveutsrT (I‘H.'.\),

2.31
The DeeRee OF SCATTER 1IN THE LonDow TORBULENCE

[ SR

™
AuTeer @ DHIoTANI M, Arai, H.
Year @ 19677,
DaTA
q,as Vi
Site y (m) y(m) “G '-U';{m) Lu.u(M) (J?I)aa
Shikeku lstmp (0.002) 4o o.10

190 (o)
(ON SHoRE \mub)

(o-104)
AssessHenT ©F

AuTo- CoRQELATIo TULURVES

[SVGGCELSTS
ISe = lux(w) < 2s80

AN ESTIMATE BAzeDd oN (II/‘\)p cives |/90m,

RutHor ! Slmc.-ezizI .A. ETAL

Yearr . 1967,
Data o
Cire _HL@ F/&; Lua‘_
BreoaxHaven. 23 Le™? 87
46 .18 198
2 .26
Ge.nP.Ent. PeINTS -

366 (=)
@) Lowg. sPecTRA .

S\HtLﬁQ AT 3’23“"2\5
-5 Law.

AND FPolLlLow
() VerricaL specr2A.

Succ.:.'s.'n‘:-. FaegM OF SPEcTRA

“i‘(:\ ?I_-ECT-S_Q?” ,'.>c=:r'/...J £ 45
SPeCTRA SWIET To RIGHT AS | INCREASES (Pt ACAmsT +)
— As f > o0 -

2_§(_-:‘3 o _L_i’; -36-"5

W I-S

(n-.'. Per Km_nuc.-ne.nm‘-')



.88
) Lu"_ INCREASES LiNEARLY WITH Y ULP Te ABSUT SOom
— AT GCREATER HEIGHTS INCReEAsSES MORE =SlouwlY.

Suvecests Ly, > 140m AT Y = 200m

Exampies o Seacten cwau v Fic SI.
—_———
@) The LateealL SeecTen And scALES ARE INTeRHEDIATE

RETwEEn Leowe. And Vert SrecTrA.

Author @ ST, SD.

Yeae : 1967
Data_: i
Site Y by 8L el 5=
Sen § oooo3s 18 2SS (inver oR )
ADD iriess AL DATA Gluan IN  FiG. 52 @, wHere
& - u.%"c ; g = Ver, aT e = Sm,

INDICA TES RAMGE ©F DATA AVAILABLE FRor~ MEASURE MENTS
oveRr 3SEA .
Gaunequv THE DATA ALSs SHBW THAT Lux DECcrePSES VERY

RAPIDLY AS THE SLRFACE |Ss APPRoACHED,

AutHoRr ! Tm'r'r'oru’ L3,

Year @ 19677

Data
b&fhll.ﬂ'b HEASUREMENTS HADE v RLAT PLATE BouwDaARYy LAVER
IN ATTE™MPT To DETERHINE BOUNDARY LAYERR STRULCTOLORE. THe main
PoinTS FRom THIS PAPER ARE ComCERMED WITk THE LARGE SCALE
EDDY STRUCTURE o©F THE BouudAlRy LAYER.

THE DaTA D> NoT AGREE WITH THE LARCE EBDY STRUCTURE

PlcTuRE PRoPosed TBY -[;wu:.tub('nqs-;) AND 3SVGGERT THAT
THE SEPARATE DESCRIPTIONS OF LARGE EDDIES FoR 1mMER AND

OUTER BoUNbARY LAYEE REGIONS HMAY Be INAPPROPRIATE .

AuTror © WeiLer , H. S., Bueting, Rw,
Yeae | 19677
Data

Sire . u’gﬁ:

Sen 0.006S52

G'EHEQHLLY CoubimMs SHiTw ftctsv) DearA.




2.33

E xPecTED

T
Wi 3,

A LATER

sQTARIM A TRue

Aumnser : Vc:L_Kovrrsrcnvﬁ,z.l,’ vanev, V.N.
Year : 1967,
DaTA
che— ey 3 1
SiTe . Y(m) G (m) 4 Lus(m)
(Hvr.-rmu_lan. 17 0.70 0.3s zoo
GeoPn. USSR) 40 3c0
'S 4.00
Auvther ! Zur Kovs ki , S.L., KRﬂVCHENKO‘T, )
Year : 1967,
Darta
ul , = h—rl
Site y(m) 7&%‘—?—?‘ JG./JE" /Ll):r.
SenA < 0.31 0.50 (see Fe.s2¢)
Swows Yo CAn Be DeRivad Rlen Gy s
Co = Y/P ‘/ll"
AL So a J__
= E.n % e
/k 3-. 3. y Use /P
%] - _J.
51?- ¢ %
'Pi‘ :'/ ™
o s - Cp
FIG.Sab SHows, c:b 15 FumcT o aof O 12, Dalrxs metT NRGREE
WITH DATA ot Srutw 167 ( Fie. s2 “-3
FIG.SZ [ SHews . AS BxPEcTeDd FRearm PREVIDUS -t:.n'rn TH® T
JTL/U.. IS A FuscTiom oF 3“
2., Sewiz RedbucTiew FRomr THE AccePTED VALLUEGE of 2.% chAw QBRE

AS TerAin Rouowuess INCReEASES STHRRWISE

—

TR BoLess C€E ERTIiHMATES FR.bHI
Ve =
/‘1 = I X e /5-
Foe HIGH Y. VALUES CAm BE EXPECTED To Bir X<Ess=wue - NR .
Cnhnu.u‘r u
Supmc:au‘r INFe2 mATierd IS NeT AVAILABLE FRem VwWHicH

Jas,
ESTIMATE OF How Ve SHoult VARY

HoweueR THIS WILL RE TDTaiscussed AG A 1w (e

S EBECTion
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AvtHoR: — OrtAwAa Conr
Year @ 1967

Dara
Parer S.
Teremin TvPe SPeciFic ATIONS -

Site "o( Sc“"\)
Urean. Q.23 396
SusLRBAN . 0.22 33C
Korat., o.14 274

Parer 12.

Spucu-lﬁa THAT Fel HMHoD2EL AwD PuLL SCALE SINMILARTY THAT
THERE SHouLD BE E|QUALITY ©oF [—
his waos VB N-B
WHERE h- RoLVGHNESE MHEIGHT

R = LENGTH BCALE ASSeciATED WITH ROUGNNESS IR2E Ie °‘_"fn-

Autkor : Beaviey  E.F.

Yeat @ 1968
Data 2
y (*),
Site (m) «2m
Taenac. 0.00002 0.00 1477
Mesu. VeeT Srikes. 0- 0028 0.00441
¢f?_ﬁss. 0.00S

Aunier ©: Brapswaw P
Year @ 196%
Dnars !
Mﬁumuv REFERRED Te FoR DATA onN RBounDARY LAYER STRUCTURE
As PFollLows !-
@) LencThn xaLe of LArce EndiEs 1s of Tue 3AME ORDER of
MAGRITODE AS THE BOUNDARY LAYER THICKNESS O,
C:b) Lmzc.a EDDIES SEEM To ARISE FRoM INSTARILITIES IN THE
TURBULEMT SHEAR LAYER ,
('C.) Lar¢c-& e»nies ConsisT oFf A Slow DRIET of ReTATiIomAL

FLud wHarRe ‘U IS No GREATER THAN 0.10,




AS

Rurner: Buscu,N.E_’ 'Fhuo:s.:‘r' H.A.
Year : 1968

Site y(m) Lua (m) ‘I:/u...
Rouws Hiw A B
= (%]
1~ {02
40 159
46 120
Cenar Hit 46 1.3
HanrerD 4S5 14
Sen R (%) 27
3(>) 48
For fRevud Hie dDATAI- A — Srewrw Gerass,
B — ScATTeked Weebs.

THE eTHER MAIN Peiuls AAE AS Pallows !~

THe RAT =
@) HE RATIO o© S (n) < Sw(n) -
3

Sal™ S~

SHowuy Ta BRE vALID

DESPITE A LeT ©f BCATTER,

() Suceesren FoRm FoR VERTICAL SPECTRUM:

¥~
nSelm _ lLa7s Fm
(VI3 T I-S(‘?.;.‘)vs
™
fm = ©.32 ®er ApiaR. CowubdiTiows = PeakValve ok ~ G,

(T?au;s To UNDERESTIHATE ENRRLGY AT Low Pauquem:-u.)
(C.\ SpecTRA AT VARIBUS HEBIGHTS SHow SHET af Peax + 1o
RIGHT WITH INCREASE ok Y, ('l:ici-. 5?:«1)
) SpecTes ouerR SEA  SHow MUCH MoRE BNERGY AT

Low reequeucies (Fic. S3b.)
———————

:Dn'rﬂ FRow™ ?Quub Hiwu PRoUIDE ADDLITIeNAL

CuHhiu’rS 2,
RBouGH IMESS INCREASES,

PReoF ©of DEcReasE ofF Lux A siTE

AutworR ! CH’\HDLEQ‘TJ_
Yeae ! 196%

Darta !
GenzeaL Review PaPer ; RELEVAUT PeiNTS ARe AS Pollows i
(Q.) La'rr_u,ﬁl._ SPREAD o©F PeLluTAWT UNARREcTED R DEGRee oF

BACKGRou ) TLORBULEMCE IN PLow ovER CiTies o CauLs IMPLY

LARGE ReuGuwesSs BLEMRBROUTS ©F CTiEs Do weT PRaDucE
IN FLow ALY BxPeECTED i ug HMic

T HNT
LARGE SPAcwIsSE GRADIEWLTS

WeLLDP PRaDULVCE LARGE LATERAL DiFRusiow,
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b) STupies oF ANRELOW (N CITIES TEND To QE wshcaRwEn
WITH INDIVIDUAL BUILDINGS RATHER THAN WITH GRouPS of
BuiLdinGS

CQHHLMT&_ T?E._Pbtu'l" (b\ THIS oBuUuicuSLY CAn RABubn Does
LEAD To HMISLEADIWG GENMERZAL ASSUNMPTIowS RE-. LRBRAW
S\TES - SINCE SucH DATA 1= MNMoRE ofFTew THAM NoT

ILLLUS TRATING JTUST A VERY LecAlL cHARAcTERIsTic. N.B,

Aurroe @ Elperkn  CE,

Jeae 1962

Dara
TWELEUANT DATA INCLODED IN ELdERKIN 1967,
Site _Yelm
HanFoRD 0.03

THE CoSPEC TRAL MEASUREMEWVTS ofF WU |INDICATE , As Do

PREVISUS DATA, THaAT THE HAXIMHUM ENERLCY ConmTENMT IS

IN THE ERNQE)

n
o1l s a = 1o

QUTH\&Q‘. F‘n';ib-rrl..Jr G.H.
Yeae @ [962 a

DaTta
VaeiaTion o Yo WITH WIND DIREcCTION FoR KENuEbY Seace

Cenre (N.ASA. 1Som. Towse) -

Winp DiRECT 0 Yo ()
0° ~ 1So° ©.23
156"~ 180° o-S|
1&§0°~ 2407 0-23
240°~ 3Wwo° ©.6S
wo’~ 60" ©.23

Autrer ' FicnTL i G .H.

Year 1 1968 B

Deain !
Uus-n\\La DATA PRESENTED BOT &k INTEREST ?buc. A ERY
LEGTH Foumd To BRE INDEPENDENT oF ATHosPHERIC
EQOILIBRIUM AL WIND SPEED (=
SiTE Yy (m)
Kenwesy S.C. o232




Fiec. 53

CQHHEHTED '

e.37,

SHows DATAH oM VARIATIews OF SPRCTRAW PEAK

£ (z ") As A Fumcrion oF HEIGHT.
Y/s
fm o0 y

Lu. o’ 3/4'-\
Lu,._ﬂCt HVS

Gies :
AND Smcz)

OrHeER DATA SLGGESTS |-
L

Lu‘ b l:l for

3 =< GDw.

Hou 'Fh VAR IGES AS A FunCcTiown oi‘-j MUOUST Dekewod

N ATHoSPHERIC EQUILIBRIVHM ComdIiTiows WHIG H CSoull

AccounT FoR SaMe ofF THE ABRVE DISAGCGREEMEOLT 3 N

ADBITIioNn T HE DISAGREEMEUT Cauld BE Duke Te THE FACT

THAT 'Fm Wikl ALse BE A FumcTion OF SuRFAck RouGcH=SIESS,

Autker @ GrAnan, LR,

o.2) = t"/a. = Q‘Sé__

Year 1968
Data
¥ L i -, I-t\. J_-Ti‘
Site L (my VL a wAa ( 5.&-)) ( ‘;l;)lu
ForT Wavue a { 308 Ql78 a.l2o
(U?.Bqu) 9) . 1177 ©. 089
R {'aa-q ©.382 ©0.33% | L.3]  o0.320m)
472 o.212 ©.201
A - WhbdbwARD EBGE ©F% CiTvy,
- cTAITY CEWTRE .
Fer y=m VARIsUS URBAW MNEASURE M EWTS GIlUE

AuD JE-’T:/L-L

Cnhhaurs % ?au\ﬂua ~MACKITODES OFR \ﬁl\ *
Do NeT AGREE WITH GBTHRER DATAH.
Auther : Haeris | R. 1.
Year : 1968
Dara ¢
Site % Ya(m)  y(m) Lu.g{».) Lm(u\ (_L_,_(m)('JI/t:>.n
Rusoy Twer ©.176 0.01~008 2.7 SG 1.2 | 003 0169
oo SO 29 0-145 Gm‘m)
IR2 100 34
JE‘/G. AT Y= 3w - 0145 rren M6, S4
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Fie. 5S4 GWES JE:/G- ~ 9w LPTe \Sowm, AND
THEZ FoRN OF THE CORRELATIONS FRom WHICH Luéi s
ORBTAINED BY INTeEGRATIoMN,
FeDiTieswaL DAaTA INCLLUDES ' -

(@) CHANGE ©F WiNp DIRECTern WITH HEIGHT BETWEND
17 AnD (B2wm IS APPRoXIMATELY 10" ) 1. ABouT 507.
LESS THAw THAT PREDICTED BY THEoRY.

d:) SueaZsTs Form FoR SPECTRUM ©F LemGITUD InmAL VELOGTY —

o6 = nf
SN = (2 +a20% ’ ea T de

SUGGESTS f SHeULD Re oFf ORDER [(Roowm,
(H‘Bn.ue. FoRr 1S TiMiLAR To THAT Desiwven By Von Kagrew Iqﬂ)
Conments : ONnge ©F THG FEW RELIABLE SETS OFf DATAH

FOR HWEBIGHTS > {160 m,

AutHor J:;ne.s."P.H. ET AL .
Year ! 196%

Data
SiTe y(m) Yo (m) Yy
LIUEQT’DOL O~ 306 i o.21

Moee DETAIL IN LATER PAPER,

Plun-n:.g : Meeeo NeYy R.N.

Year : 1968

Dara
G-Euazcn. CaMMENTS RE- TUR BULENCE INTEVTRITY ETC, IN
WAKE ©F LARGE SCALE RouGunEss 1e TRees (MepeL TESTS) -

(@) M™MaximuM TURBULENCE INTENSITIES | ™MEASULRED AT ABOLT
TREE ToP LEVEL A ARE OF THz okbDER ©'2o ((BAsen o LocAL VEL)
—- GEuERALLY FALL IN RARNGE O 20w ©'30.

B) Max. INTEuSI(TY STAYS RELATIWELY ConsTALT FoRk AReuT
S0 TREE HEIGHTS DowusTR@A 5 ALTHoOLGH [FeRM oF THE
VERTICAL DISTRIBuTiond O©F INTEMSITY CHANGES AS BPouswaTREfn
TISTAR CE INCRERASES,

() Puerace InTELSTY FRen Full-gcALE TESTS (Tovrin Anp SHex 66)
S .33




F\UTNUR. ' Moww . QE 7
Year : 196%
DaTta

Sire I/.( ol
New York 0.32 (%) 59° (ﬁmni. ?)

T?E\Hiu PAPER | MAINLY BUNAARISES PRoBLENS ToRe SeLuEDd
IN ORDER Toe oBTAIN PRoPER DEFINITION af :.)E'IIF\M s\'rm's\' 2,.G.

@) T eeBlLan ©F DEFIuILG REPRESEMTATIVE URBAN SITES  IN6oRDER
Te B FREE ©F lLocAL EFFECTS.

(bY) PreBLam ©F TeEfivine TRUE Yo AnDd d  FOR ORRBAW SITES,

AutheR : PanoFsky | H.A .

Year @ 1968
Rﬁ.uu&u PAPER _. ™MOoST oOF 'bnE ALREADY CLASSIFIED,
Se & V2 s
GeneeaL 2-S 2.0 1.2s

AuThe®' PaNofFsky ] H.H.) Mne:.s.,E,

Year @ 1968

DarA
AssessmenT ofF AvAILARLE co-sPecTrAL (WU') DATA _ MovTLY
FoR Y < Som.

SueeesT FoaRkM FoR CosPEC TRUN SHARE =

N Suv(n) 2 1
3 W (l +o & 4.\
‘F= g/ll fm * 0. .08 Feg. ADIA RATIC CASE - BURIECT To

)
LARGE DEGREE OF SCATTER '—

o.o5 ¢ v x ©.12 (AT LeAsT)

MosT oF EMarRGY ConTAIMED IN RAVGE_

ool &« £ = 10 - N s

CornmenTs !

OnhE oF FRIRST ATTEMNMDETS To EMDIRICISE Co-SPECTRAL

ATA,




Rutkor: SwHieTAm M,
Year ! 196w
Data

Aurwee © WiLsow 3 C. 8

Year : 1968
Dare
Very GENERALISED REPORT OF WorRk AT LEbinBuren Uniu.
SuGecesTs '~ Sre o
Koral o143
UrBAw 0.So (Uaa-r F\‘PPEux‘\)

AutveR | BLAcKADAR ,R.K') Pnqu'SKY, H.A.
Yeae ' 969
Darn

Site Yy _g (m)
White Sanps ov 2§ 0-06~0.D8




244
Aumier : BLRCKRMQ'R.K. ET AL,

Yene 1969,

Dara
MosT ©Ff RELE UALT BATA INcLubeED (N FewTe 196 Cne_. Re'tfa
oF KEquby S PAcE CEUT‘RE), FoLtowing Pomrs oF GEuERAL
INTEREBST! ~

(o) MemN SITE ROLVGHWESS LEMCTH FoULDd To BE INDEPRPENMDIENT oF
ATHo SPHERIC STABILITY <owdiTiord AND WIND SPEED.

d::.) T;qs. PEoRABRILITY DENSITY DISTRIBUTIonS gfF THE LomGiTuDjiwal
FLuoc TUATING VELSCITY SHew THART FoR STANDARD DEVIATIoWS
GRLEATER TwAW ABUT £33 THERE 1S A GREATER TENbencY
FoR A HIGHER PRoBABILITY OF LARGER GUSTS THAM INDIcA TED

BY THe NeRwmaL D3TRIBUTIOW CURVE,

RAutwer ! Cernax, T.E. RArvm, S.P.S.
Yene : 1969

VEEY GEuRRAL REVIEW PAPER , MOSTLY ConmcEROED  wiTH
b
MeD GL TESTS, FeinTS o% INTEREST '=-

() Fer LARcE RouGHLESS Lso REPRESEMTATIoN of UEBLSC(TY

PRoRILE SwHouln BE G | £
/Un = 7k Q.uﬁ._ ij)
(i)) Fer AdDIaBATIC cAse _

G, = i2s.

Autmer @ Fiemre ) G. H-, M VewiL G.E .

Year : 1969
Dava
Site B@ YO Luu.(“'b
Kenneny Seace 0.23 18 G4
Cenrre | 30 log
co los
& [o) 143
|20 20
ISo loo

—maﬂt 19 Se™ME DBouRT RE-CokeeT S. VALLE FoR THILS ITE .

LEuc.T'H sScalLe Lu.,._ TEMDS o LDECZEASE FaR l:‘ = |80 w
—ESTIMATED AS By [ASQAVILL Aup OTHERS ' —
(e \E THE ™NMsAIUReED CoaRLE LATIONS AR = o

-3
™ =

ExPowew TiaL PorRmM __




THEW

THE ASScCIATED SPECTRUM

5
nStn 2 W 2rflA
Us T UL @rfo)+i

WHICH HAS A HAXx iMum AT

2.42.

HAS THE Fe®M -

L_-‘m__ S o= L=
d 2w
( = = Peac vawue oF hﬁ/&)
Autner : GiBsen, CH., WiLians, R.B.
Year : 1969
Dara | S— -
Site u%; u%:
Sea 0.00074 0o
[. RssumME !’&= .00 - 8=Qoom]
Conviaist:  ISATA MAv BPPLY To ConB 165 SLIGHTLY STABLE

HEncE Lous STR eSS VALUE,

Auther: GunTer DE. , BT AL,
Year ' 1969

Data

S\TE, 5(&)
79

230

Ll&t«.(")
11S
130



2.43,

HuTHoE.’ Hﬁunﬁ' S-R
Yeae : 1969
Dara

C.eu CERWED wiTH DIFFRReuwT METHoDS ofF ESTIMA TG THE

BoviobARY LAYER HEBIGHT, THI? FoRMUOLAE FoR USE 1N ADIARATIC

ESUIL IRRIVH navEe ﬁalu S HowWu Te BE atu..mlt..f AND ARE '—

5: 02 (%) me B- oo (Y%
WHERE -r=Comous PARAMETER | e
e9. for l_Jo.-.- O™ /sec 5= ©.006 ‘m.) = GOGOmM,

Fnu.ﬂ ABRSUE FoRHOLAE D'Na.uu. DATA GIVE GEuERALLY Socasf)(m)-‘s 80O,

’Reﬂmmgl of DATA = How & To BE oF OFDER S00~700m™M.

Autmer : Hasse L. ET AL,

Yene 1969,

Darta ' —,
Sire L) o6
Sen 3.5 0.00048

[Huuna yat=o.i1) 5= foDth]

AuTHeR ! KHIHELJ J.C, 3 HAvGEL, DA,

Yerr : 1969,
PHPER GEMER ALLY CoucERMED WITH ERRoRS INVOLUEDR IN
STRERS HEASLVREMEWLWTS |, Site DATA OF (wTeEREST IS AS RfoliLolbuS'-
Site Y(m) Eu J.—“Ftl J% w%: ('—!- m) (ﬁ%)sa
ToraL 5.6 024 026 o©.10 00009 |[p008S O.I7

DATA REPRESEMT MEAL of SITE | MEASURE MEUTS,
CoHHlu‘r‘s: Slﬂu_qn.l'ry oF LONGITOUDINAL AuD LATERAL CSoMPouEwTS
oF TOURBUVLEWCE HMAY BE DueE Ta CLosEeENESS To GrReumDd OF

HEAIULURIVG PoinmT (?)

Avtier | LETTAU  H.

Year ' 1969
Data ¢ Gwes EsTInATES OF Y, ek VARIGUS SiTE TYPES -
Sire himy  yum) :i'h
Teees - Houses | 10 2.14 S
Fiewy cesaPs erc . | 0.19 o
Saus FLATS | 0.001 0000026 27
StetesTs USE 68 FoRMULA ‘- Y= osh Y8 (2= er b 57)

Conmewrs ¢ Formuia Does weT APOLY AS S =1  Aud Dets wer

PREDIcLT EFFEZcT ot FETC K,




2.44
Rutres : Pnuo:suv’ H.A.
Year : 1969
DatA !

" Veey DETAILED REVIEW PAPE® FReM WHICH THE FOLLOWING

MAain PoiuTs ARE NOTED (-~
(@) SurrAcCE LAYER ExXTEMDS Te Y % 100m.
() AnaLysiS ©F HANY RESULTS GIVE
O A, = 2.5 : V& e = 2.0 ; V¥ A, = t2s
(C.) Thwe vaLLUES oF 'JEI—"'/\.h ﬂubﬁ/u. SHow SYSTEmAaTIC
VAR 1A Tiomws  FRarmt PLACE To PLACE WHIcH GeuErRalLLy SUGLEEST
THAT TeERRAIn FEATURES OF LARGE 3CaALkE AFRECST THE1R
BenAviour. (N.B) (sezm.sa Zunkouim} KepvcHen ko l‘-‘aé.'?_)
() INGR TiAL SUBRANGE OF SPECTRA WELL DERIVED RBY
a(k) =be k™

wuen R = wave No . nm.s/um-r LBNGTH + = O-Sc FoR Lowé, STEC,

= 0.6 Foll LAT =TRC,
(e.) As INDICATED In Puscw nub?huoﬁsr? 1962 F IPECTRA MEASLEERD
OUER THE SEA INDICATIE MMORE ENERGY AT Low FREAQUENMCIES
THAM  SAY RuLURAL SPecTRA, Twis s ATTR BUTeD To THE
PRESENCE o©F LARGE LowVGITUDIVAL EDD IES nERQ THa GRouLuD
— OUER RouLGH GRouwDd 3IuvcH EFTDIES ARE LikzLy To ®E
BRo k€ LP (H‘-‘-- Lu, Docraases A 5_ mctz.-q:v.'s..)

() VerticaL Srecven.

For YysSOm. _ ka t“'hd.x.) 1S ConwSTAMT _ INPLIES LINEBAR \WCREASE

aF L\rx WITH HEIGHT
Yy >Som. Ea(mnxf) INCREASES WITH Y _ IMPLIES Luse
INCREASES LESS RAPIDLY WITH HEIGHT AND
EVEMTUALLY BEComES Conms MuT (FlG-.'Sé:a.)
Lowe. Seeerra . (Fie S6b)

TDomeT FoLlow SIMILARITY THEORY PREDIC TIOUS . 1. PLaT oF

&Su(&)-‘v ‘Pz SHoew S LITTLE SHIFT oFf Pemkc UALLE AsS :_‘f INCREASES
IF S1mMiLARITY THESRYy APPLIED PEAK VALLE Wouwlibd BE HEIGHT
DePeuDeuT. IDuk Te WIDE VARIATION OF SPECTRAL SNAPES
THE APPLICATIon ©F Aw EMPIRIcaL SPECTRuM FaRM To ANY
PARTICULAR SITE cCcAN oMLY BE VERY APPRoXIMATE,

Lateenr Seecten. (Fig S6C)

Banqua SIMILkARLY Te Lowe. SPEC,. wITH REGCARD Te THERORY,

CoHHtuTS: Tms AUTHoRS PAPERS GEnmBRALLY OF VALUR DULE
Te PRACTIEAL APPRsfc kN To DERImING THE Bouwbary LAven

STRUC TuURE FRod Ex|aTIVG DDATA,
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AuTuee ! ?ﬁsat.hu., F‘_

)E\_E._: 199

DaTa
Site Yo (™)
TRuoeav 0.03
Urgnan i~ 3

Derwen rFrom DavenreaT Aud Marsw (1969),
MaRsW DATA 1S FROM MEASURE MEUTS AT CEADING e.
AT ;=I41~1, Gl‘/u'_ - Q.i"7 =
JG_S/U.‘ =128 pAnD Rtu/t.)x= Lﬁgy/n
_lj_- ~ O.70wm,
Cont-qnu‘Ts, (R‘-ﬂ'blub DATA IS ConSIDERED To BE MoRE APPLICAERLE

HERCE ULSIWG

TO A sSuBUR RAM SOITE.

AurHor : SLR'hE’b.H.
Year @ 1969

Darh ! e e R

o S xR B
SitE. y (m) Ylm & oL () Y Ux
TiabeLPiA, R~270 2.6 0.28 16 g&~i2  1.97

Conmt-_urs.. rR'al..e&m.E BTATA THAT SwHoLLDd BE REPRESENTATIVE oF

VRBAK Tev_zmuj AESLLTS AVEZAGED ouER Lo wlé PrRiSDS,

Autror : Wesnwne  R.E. ET AL.
Yehn 11969

Data
CORR.EL ATION oF EXTELSIVE DRTA R& -DRAG oF vARIOUS TrPexs oF
RouGH MESS ELEHEWTS | DHTA APPLICA BLE To ERUILIRRIUM D
Data OF INTER EST SHOWW IN Fie. 57
WHERE l{;= EQuUiv, SAMND-GRAIN RIUGHWESS
9(. = ROLGHWESS MBIGHT ™ = FAC ToR ALLowiwG Fer DifFeREwWT
SHAPES aF EBLEMEWLTS CKot.usaus. AV DAuA i‘ls(,)_
S veRTmcalL ScALE s oG U Variaview of Me 63
A FuncTion ©F FEToeH NeT ComsiDelRed,
CbHHe.u'ts: -IT-{E'&E TATA ARE oFf IMPORTAMCLE WHEW RAIAEREING

THE CHARACTERISTICS OF ULVRBAL O©OR SURLOREAM SITES

INDICATE IMPol TAwCE oF DERIMING 1IN SsME DETAIL ThHE

ToPeGRAPHY &F SUTES BRinG INUEBLSTIGATED ,
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RE FoellowiwGg DATA HAS QEEw EXTRACTED FRor SorniE ofF

THE MORE |MPsRTAW T PAPERS FRoM THR PERICD 1970~ 1972

Aumior : Hewiwsle N.C.
Yene 1970

Data

Some of DATA ALREADY INCLUDED N Sheltaed (1967).

AbDiTiewAL DATA ARE MEALS FROM UVARIOLS SITES!-

Site, y, (m %
TMoear o.08 o-100
SuBures Wweps .  ©.43 ©.19
Uraaw o.78 ©.23

-

AL A
Dridu s/Te M eBASUREHEWTS ofF AL SHowMN To Be 'WDEPERWDEMLT

&F HMeAsw wWivd SPEaD.

Auther ¢ Miva we, M. eTAL,

Year 1970

Data - — . < =

o 3 Site . y(m) (H,(m)) Efﬁ J;Z[ 'R?}L]_ % % “/‘rg:
Sea 'S 0bDoocs ©0.098 ©0.071 0.0§ O3 O.S| 00036

ﬁ%’n UL-b‘_/‘Ll» J—f}"—/‘;\t

2.66 1.9 1.36
Co-specT®A HAUE SLoPES of - 73 AT HIGH FREQUENCY END

AMD GEMERALLY AGREE WITH JPECTRAL FeRM PRoPoswn BY

Pawotsky Aud Mares (1968)

Aurwee © TAsa olLL, i
Yeane : 1970
Data !

THE MAIN PaINTS FRomM THIS PAPER ARE AS Follows -

(@) DerTh oF CoNSTANT sTREss LAVER % 30m. (lLe. WNERE STRBSS
crAvGes By LEss Than 0% )

(b) LuG—-Lnu APPLIES DMLY IN ColmSTAuT 3STRES LAYER (RP.F. Morin -~

OBuk Hov 1954.)

©) Fi. SBl@) SHews STRESS To BE MoRE SENSITWE Te CHAMGES
N TERRAIN AT Lew Y _ DUE MERELY To REDULC Tiew IN w
As Yy luc.n.l.ﬂsas,(c:s'nnq'ta EReM pt u'/u‘. =Qu5.,(5/\3..)— IT OIS
NoT VERY SEMSITIVE To VAR IATIONDS 1IN C)o_

(d) Fio. S(®) suwows Ceulec TEn DATA PRan VARIGUS SouRcss A

FurCTion O Rossrr No . _™MesT oFvAR|ATLLS ARE DLE Te :jbc-HHMGES,
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(e_) E)'PEc.'ra& uP Ta g={oom. cAn Be DeEFiwed Ry PEAK SPacTRAL

VALLES OF WAUELEWLGTH (OF oRbeR 300~ Goom) AnD FRamM -

D3O L one (“‘L’/a:..)d'.3

[ Drerwe> FRoH

3 W -
Su rC.U'E m °  C=o0u4
AND DISSIPATION € = */kg Fol ADIAR, CowdNS. Avd

% = Von Karnaus cowst.
ﬂT LowWwRR FREQUENCIES THE SPECTRAL DEMSITIES RRE
VERY VARIARLE

(f) Suvecests URBAN SPECTRA ARENS DIFFERENT FReN RURAL
SPECTRA,

Autior: Sitaranan V.
Yeae : 1970.

Dara
SiITe comsiDERED WAS FLAT GRA2ILG LAND AT ya 4m.

ALL THe MeasueeDd SpecTrA oBEY KounoGoRofRs LAwW AT
HiGH FREQUENCIES _ _':-lE Co-SPECcTRA GELERALLY RAGCREE WITH
PREVIoUs DATR |.€. RE-FREQUEMCY RAVGE WHICH <owTRAIMmS ™NosT
EME‘.QG\/, oBERYILC KoLnac..ont‘-Fs. LAwW AwD FeLlowing THE

FeRr PREDICTED BY HAusfsky Anp [Mares (1963)

Author ! _T?au».ns.:-‘.uml HW.
Yenr - 1970.
Data
Ge_u-;nm. REVIGW PAPER FRoM WHICH ™MoST &F DATA wWAS
ALREADY Reewn conmsideEreDd. Main RELEVALT PoInTs 1=
(a\ FIG.Sq BHowS Lu-,_ 86 FUNCTION c.nﬂ. - DEdDUCES !~
Ly, ® © 4oy

WHICH |S GENERALLY WIDELY AGREED ol o

(3) Dara om by, AvALysen (Soma DERED Frory % (u/n)bunc)
Itia DEdvce® THAT Fer Y 2> Reom | Lux IS INDEPENIENT
SF TERRAIN TYPE States o k RauvGHMNESS LENMCTH MAS
LiTTLe EFFECcT ON ScALES ; WHILE INCREASING LARGE sant_:“
Ne-UNIESRHITIES oF THE SuRREAcCE TENMDS To INCREASE THEMN,

) CALCULATES TURBULEMCE INTEN SITIES AS FUNCTIon BF HEIGHT
FRe™ WAe = F (Qas,_n’“.)

Cnﬂﬂzu‘l‘ 1 TI-*I‘-_' PREVIOUSLY TARBULATED DATA SHows CLEARLY
THAT Lu.u_ VClkaAasEs AS ',ja DECREASES | TH|:5 PoiwT IS

IS Cussed FuRTHeER 1w THe TEXT, THE ESTINATES o©F

TUR RULENCE INTEUSITY THROLDGH THE RouMdARY LAYER

T ——n,



R.4%

HEIGHT ARENST ConsSIDERED To BRE VeERy RePReESEMTATIVE
SiINCE THE BExXPRES:IOLS LIED ARE VALID amlyY 1N THE
Lot LAYRR K IN ADDITIion IT IS ﬁttu_r-un) IN THERIR URE TH=AT
Jt—i.‘n'tc ARE INVARIAUT WITH HEIGHT , WHIcH THEY RAREwOT
(Sce Hazeig 1972)

RurHer %Hr-m’ F.B.

_Yanu ¢ 1970

Darh

THI!QQETICHI. PAPER FRakH WHICK MAIL PoIuTs  AS PaLlows ARE
TAKEN !~

(@)  SucereTs THAT THE VARIATION OF THE WIiND BIR ROT (o
witH weient (') 1S ALmane Fume T o,

(b) TDerwves Aw GxPRESSIOL FOR BETIHATION &F THe Bevwbacy

LAYER HRIGHT '~
D = 86 U (h} Vez Geamimur Wiup.

eg. For Us =10 /stc,
D= BODm CCf. Haswa 1969)

() THecRETIcAL &STINATE OF VARIATION OF SHEAR STRESS WiTH
HEIGCHT -
’\'-, -
¥ (i ot et - GEE™ Y TR (ISR R ¥
uv’ 2
/(uiu‘)a.o. 1 0.64 o036 0.6 0.04 O
(d) THa rate of Ruear To Lesaw wmrassses (Bosed on Us)
cAw e DeRiVED '~
Foz  Kuray Yoz 0tom | LUrmam (|, = 2.8m

THE N BRRAN R e wdiae TGRS0 ek Prabicds 1976)
Ruear wu'

Ru'tu.n_ : nN"l"ﬂHlﬂ, Qg i Ll.n('fc.l'-\fJ ?.E.

Yaan s UNT7H
Parer mamsLy REFERRED To FOR DATR om VARIATIes o Lux A%
FuvcTion oF ROUGHMESS FRoM FLAT PLATE BOUMDARY LAYER
MEASUABMEBWTS barn HAUE BEEN ScALEd UP AISUN WG PULL

S®LE BouvwDARY LAYER HEIGHT of GObmM (Fm-. GO o.)
—— ——

L W g () L s ()
Y(m) Reucw Swearn Yyl Revon Sresty
o 33 168 300 234 22a
2o Y= i8¢ 3éo 220 220
So 138 2o 480 IS |2s
oo 209 224 oo 13 13

2oo 242 242



2.49
l‘r CAN BE SEew THAT THE RoUOHER SULUREACE DECREASES Lu.t
AND THAT FeR Y5 > 0.40 " Lux w©DecReases BAs Y 'Nemeases;
ABOVE THIS HEIGHT THE SuSET ©oF INTERMITTELCY IN THE
TuRBUL BElce BEGINS,
ComrenTs ! "rl'_'. ASSUNED THAT THE SrHooTH FlLow DATA ARE IN

EQauILiBRIUA ) wHEREAS THE RoLGH SURFAcE DATA ARa NoT:

|Ruther : C::;_L.t-imr.l M.J.

_y_ﬁ o s T of 1
Data
Site Yolm) y(m) ‘s E‘/ll Lux (m) !E(m))
TA.E Bedrord, t;-olo'u 3608 O.l6 O©O.22 40 008
0.037 q.1s o. 19 g0
18.3 0.1% ISo
30.5 Q. 177 220
0. 69
Drerives ;- L & 2141 y
(Dsmc- Lu.., = é(u‘/ﬁ)nmx)
Connanur: '/-l. HAY BE OuRR ESTIM ATED DUE Te RESTRAICTED HEIGHT

RANGE OF MEASUREMEUTS; I ABDITION THIS SITE HAS MAUY

OBSTRUCTION S NEAR MEBRASURING MALST,

QUTHBE . .DUTTQN) Iﬂ. ETAL,

)_./E."_E-_ R

Data -
Sire U Ya(m) AS FuncTion OF WINDDIREETION .
Kenngvy Seace 0.2S (@) 0:S9 _"Dense Weodas _ 180 ~ 306
Centr & () 0039 - [owsceud 3D — o6 ~ N0

(c) o.121 _lnuﬂus'uumnlcs_ 9%~ 110

Aurree : Hae RIS, ®. 1.

Yemr : 197

Data

b ) i ) L“- ('“}

Site (H"('“) y(m) v ol L wse (m) _L_Jz_&ng
KusBy O.08 O~I82 ©0.172 NoCwAmce

I 168 S57 9
leo 26 &8 So
182 252 rE A

VARIATION o8 TURBULEMCE INTENEITY WITH Y N Fie. GO b
——————————— %




RS0

OTHE?.. MAIRL PoinuTs ' -
@) SHows Ji'_f BAseD o Uo To BE RELATIVELY INDEPELD &NT

Oof TERRAIL TYPE'!- AT Y =|Om
E‘/ﬁ. > 0106 - RuRAL
%z 0.1S - Lesau.
(‘b) EstinaTes or Lux As -F(l_-], 503 SHewn 1IN FICGI®) auph)
(qf VAR IES 1N ESTInATES . stz Harais "16"}) . Heowevee Lua

INCREASIVNEG AS 3. INC2EASES Dokl NeT RAeREE LnTH Full

SCRIL‘ MNEASUREMNRNMTS,

(C.‘) Assurias PRom HoMooBuwirous 1SeTRePic TURRLLENCE T HEoRY THAT,

Ll-la 2 Lu_a - 'é Lu-‘

Fulh ScaALE MEASULRENEMNTS SHow  ASBRING NeRE TRULE _

L“: * oS~ 0.6 hux

Lu: x 0.3~06.9 Ly,
CS:E e.g. Swietauwl 196Y . Deacon I‘I"u,j
(d) EsTimnaTies oFf Ww FRom TURBLLGWCE DATA .-

qy\-l.w— = Cons,
ﬁ:‘/ﬁ. = Cous. Ll.t/& 2
ow JT* = Gons (K) @ &-(u;ﬁ) - Davenporr Heg]
Ruther : Hauveen, D.A. eTaL,
Yean : 1971,
Dara
Swre. Y0 u'v’ i
Ruear S~ Ne 13~ RS
(Sruu:.e) 22-6 CiAnGE
Hutner @ Ouivaer, H.R.
Yamr @ 1971
Data
Sre o tm) h(m) Aom)
Wesns ' ©-9] i5.5 "2
GTun/low?)

(C-F\mru Dutren 1971 ForR DEnsE uubs)

Fbl...LawunG- DERIVED L -

y=Co.ar +32R ) m (Flo.Gl:)
o4 - ] e e
T = Ricnatdsen Ne. v gy= 20: S, (-vu‘u.mrntu tHVE BT Aut)

MaTeriTy or PREUIGUS DATA HAS SHOWN Yo INDEPERVDENT er ISC
(t:.aut..b BE =wCALE EFFE‘-T?)
Connenvt Tz valuz e de FReR Weeden AREA  SEENS
REALISTIC . (C'F- BeeakKnpupu DATAR.)




2.51
Rurier ' Owewn 3 PR

Yemr : 1971
Dara

?E-enﬂr'r.c BeHAviouRr ofF L -SPEcTRA AL Low FREQUEMCIEEL -
ALSLUMING THE RBosuwudaARy LAYER CAW BGEe DUDBED 1nTo
INNBER AMND ouTER LAVERS IT HAS BEEW SHownN THAT TME
LARZCE EMDDIES IN THE ocuTER Laval ORTRUDE (NTa THIE
INMER LAYER BUT Do NoT CoRTRIBUTE To HMoMBJITOM
TReAM S FER OF SHEAR STRESS (N -THIS LAYER, I|HF STRESsS
BeaRiuG EDPDies OoF THE INNMER REGIOWN HAUE A UNIVUER sa L

ATRUCTVRE 1N RELATIoN To WHICKH THE LARGE OuTe® IEohlES

PRoDUCE Mo TlewsS ©W A LARGER 3xalE wHICH Al RAuDoM

2. WITHoLUT DERIMITE PATTERLS 3 HENCE THE RESULTANMT

BCATTER (M Low SRellveEuwcy SescTAlL DATA,

AuTHeR ! ann‘-.r.)?.l.
Yeae : 1972

Sire y (m) h (‘ﬂ\) Ho(m‘) Z{ JE‘ a L'-la. ("‘) Lu 3 (MB

CrAMElZLD, Ov20 0-02~0'1 0.003 0.11a014

10 0. 137 125 35
20 0.126 1477
30 o.121 i
Ssveen B2, S0 se
{Nmuammb
Pk - Susurys | 0.28
Rucay. 2s 0:1+0:-2 0.08.0-14 D.16~0.18 1277
so 182
leo 2So
19s 2so
As y wcreases W anp J* srerT Te DEcRemtE.

Corment. In THis bAPem  Hazeis auotss Yo VALUES Fer GRALS coumR

HMos TLY IN RAMGE O0.02 ~0.03 M, RY APPLY IVG EQUATIon
of Diackanae aun CHartin 1967 Yo Fof Ruehy BiTE IS Fouwmd
Te LIE 1N SAME RAuGE Cl~£ o.oz-o.oa-.) . Heweuer DaTA
QuoTED HAS MosTLY RBREEN OSBTANED FRadM MEASUREMEUTS
InN REVTRICTED WMEBICGHT RAMGE e EQUIVALEMNT To ConsIiDRERIuG
P LARGE ULPITRERAM FPETCH oF JUST G-P.A:s.) Fa@ THis
ComDiTian 0-62(3. <O .o IS RERIaNA BLE. |HEREfRE

FoR The ICoGRY SITE , CONSIDERING TS TePaGRAPHY ALD

u RAnGE B TaTa A Y OF Oaf v Y EEHT Mol PEATAL AT 1=



®.S2.
Auvtner : Kamar, 7.C . eT A,

Yene ! (972

Dava
MosT UPTo DATA RAND SYSTEMATK DATA o PoweR SPECTRA
HeAsuveeneEnTS . RAuTHo@S HAUE DeRIUED PSRMS o & SPeEaTRA
FRen ESxTEWSIUE FULL SCALE MHEASURGEMEWTS | jbn.-n.nun.'x;
ExPRESSIomSs Fell wmPrcTern ARE swewn Te RAGCREE
Germ@ALLyY WITH SPECTRAL DATA PFRoM OTHER WAVLRCES,
THu Fotns oF THE SPECTRA ARE SHOWM IN FIG 62
ALD THE ExPRECSSisws DEsScRiBiwGt THEM FoR NEOTReE

Cows DiTions (ie. He= G=1 wnaes 5{__= &35/3_1_33 ARE
AS PfFallow s -

bl Su_(n‘) = los 'F_
W Ci+33£)°A

n Suln - 17 £
D3l - i

Sv ™ =
“TL'}('J [1+s3(®)%)

hSuv(hp — 14“:
LL;\‘ (l = q"F i

Aurmer : -Pa-saun..L.,F.

Yene @ 1972

Drna.
T\’E\nﬁ.u PAPER M™MOSTLY CONMCERMNED WITH VER TICAL CoMPorsENT
oF Tuizau\.l'.uc.El ALSc DISCUSSES BOME NEW APPROACHES To
BounDARY LAYVER DESCRIPTIoN . Main ReLevAauT Poivts aeE
AS FolLLows! -

(@) MecunmicAL PRSDUCTION OF ENERGY TENDS To ZE&s AT
APPROXIMATELY GOOm, (1.€. AT WHAT WAS BEEBN TRKEM AS

THE AVERERAGCE PBoUuuDARY LAYER HEIGHT Fel mBEUTRAL
CuthTlnus.)

- &
) Fer Yy = loom | “Ax 15 8 RAMGE 1.2~ 4
-
AND ; &:"ﬁ 1S N RmuCE O {l~ 0.2 wmEBAR

GE2ouuDd LEUEL,

Aurrer : ’PnuoPSI:Y‘H.ﬂ;J -p‘a'ruauu, Bl
Year ! 1972
Datp

SvsoesTs Loc LAVER 1S VALID mer § urTe fBs ™ L Suers T
By Iwuictiee And Lases 1964 mwn BATA RRan Chre Kuuah“f.]




2.5%
RAutwep Warnee, J.
Year : 1972,

DatA @ —~ Neal MEUTRAL DAT S Howw HERE.

Sire hed Be ok (7T )

Sen 36

0.04+v005 ©.08 O.lI~0.12
_r:-lﬁ. VARIAT 1o ©F L""ar.

WIIT M Y HAS ALSe RBRaoewm
DERIVED

AND GEVERALLY AGREGS WITHN THE DATA
oF |Eumssew I970.

Auvrweg @ E.S. D U. Dara Sk=at No. 72026

Yune : 1973
D ara
]
Site . y (m) o
Sum, consTAL AREAS , DESERT, o.coi 0.1
FLat opau countey, crass RANS FEW OBSTRICS, ©.O1 .18
Teeea w wiTH NUHERBUS SHALL SRETRLCTiewS
£, Wemtan TRERS wTc. a.io .19
Suaures . .80 o.264
CenTacs

&F LARGE Towwmsg i.so 0.35




Arrendix. 3

Dara Puorted v Fie. 63.

3.4

Symeor Sourc e Site l’a/C__ 5 o ()
Q Stevensewn 1880 Oren lefRAin O-143 0-0014
Cereac 0.166 0.-048
H Dines ; 1912-'13 | FarnBoRoLGH .33 )
C Win G , 1921 |BauwvyBuwnieon ©.130 o.o11
d Scrase 1930 |SauisBuryFLain| 0.13~ 0.143 Q.01
e Heywoen , 1931 | Learied ©.17 Q.60
£ GiereTT . 1932 |CarpingToN | 028~ 0143
3 BesT 1938 ~ = B V] Q.01
h FeosT Q46 ~ ©.143 ©.0f
0.143 0.026
L FeosT , 1947 CAgdinGToN .S O.o1i
4 Huss, Forrman | 1948 A kron o.22
k Smo'rnnl , 1948 Tokie 0. 40 4.00 __
L FRAHCKENBEEGI.Q, 1949 QuickBoRrN O.20% 0.2249
N Lerrmu , 19so Lei»zi6 0. 23 ©.os ;
n Suerears |, 1982 Sen O.122 ©.o0o1
Hay , 19ss
o) SHerLock |, 1953 | Ann ArBer ©.0193 o©.003
h Jouu , 1954 S+ Isuands ©.Io5 O.005
9 Toer 1954 [CARDING TON 0.0032 4
r~ Deacown , 19ss | SAaLe O.1b~ ©. 177 0.02 ~ 0.03*




3.2

i
SvymsoL Source Site /ec Yo ()
S KAame s 195s Toxio D-33 1. S0
L Wa x 1956 | Sea+ Lawd 0-236 o126
L GorTRREV 1asy |Caseian Sen 0.0581 0.002
g LeTtTtau , '\as7 | O’Neiw o.177 o.of1
wr "PaNoFSKv 3 1957 O'Nb.u..l. 0007~ b-01
BrooknpveNn | O.23~0.25 |. o0
x JensSEN , 1958 [CoPenHAGEN ©.36 2.50
Hoeser o .11 O. 0unid
FrersLAL 0.1S2 .03
y De Marrnis | 1959 | HAnrorDd o. 12
HarRweLL ©.08
AN s JR I - 4
(< SinGee 19589 |Rreaxknaven o.21 .00
a AcizL eT aL. 1960 | LEninGRAD 0.32 .46
' ; z
{Bmc:mn%rmu., i960| O NeiLL O~ 0.1 0.0065
TakeucH! 1961
[]
C. DoursT 196 Can:»ma.-ruu 0012
I
d DavenrorT 1960 | SaLe 0.176 0.02 ~0.03
CaedineToN 0.149 0.012
New York 0. 39 3. 30
Leis21G 0.23 o. 38
[
e GranAm, Hubsen, 1960 | Brooknaven o.25 o. ¢o
New OrRLEANS 0.284
WhaSHINGTON 0.235
WaTeR 0114 ©.00SS
'}
£ lvAwov 1961 Moscow .33 a0




3.3

Smsol Souvece SITE L Yo (™)
3' -Pasumu.t. 1961 ?uuuh Hll..l_, _— 7 o410
:Dowm..hub . - 0. 01
] ]
h THKEUCHI 1961 O' Neww . o.16~0.17 0-006S (‘b)
¢ Denrcon 1962 | OPe~ SEA. ©.10 0 .co28
(n,u, e')
j' Kendo 1962 | Sewdar RirFELd, - ©.0045
CARDING ToN . o.0033 ()
& NaiTe ETAL. 1962 To ko . ©.33 4.0 (jt)
P.' Tasguitl 1962, Por Ton. - O.008
. SHio TANI 1962 |Tokme susuras .25 0.40
n' Bv‘a.ouq 1963 (Ieunnl.. g FuaT, ©.30 (?) 0.0171S
) PaneEsky 1963, | O Neww. o.16v0.17(R)| ©.coa
rp' KﬂwnHﬁBE 1964, Toxio. ©, 28S e A
ConsT. o, 17 ©.0449
'
9 LUHLEY,P&NQFSK): 1964.| Reund HiwL., - ©.40
r' SinceRr 1964 ngkunuuw. o, 22 1.0
g Sema 1964 .| Towxio, 6. 302 2.32
)
t Tnuu.nm, Larre ; 1964 Ca‘bae Hiew, ©.143 .03
LL' )‘!ﬂoﬂul‘o,smﬂmﬂﬂ' 1964 Tekio. O.3o72 Cs') 1.45~1.85
U-‘ BEQ"!HN, 1968 ?QUND Hicw | — O.{o~ ©.049
CHRJ}!MGTQH, ©.149 (ct) 0. 01
SaLe, o.17¢ (') 0.025
w' BiackAnae | 196S | HauroeDd, o.12 (y) o.08




3.4

Svymsol | Source SiTe vy :l.;.("rh\
x Daveneort 1965 . | Lonbon (ow~+.) 036 2.42
_H' Demqumxoust 1966, [ MinNEAPSBLIS | o, 31 2.0 +
louis viLLe O. 26 2,8
= Eiperrin 1966 . | HAN FoRD. .12 (y) ©.025S
A Kravs 1966, Sen o160 (L) | o.coof
B Tavenrer T 1967, | St Louis . ©.2% o
MenTREAL . ©.28 1.0
C ELver xin 1967. | HAwn FoeD. o2 (y) 0.03
LimernaL. - o.01
e FrizzoLn 1967 | BrookHAvEN. . 33 1.0
E PrRuLson 19677 . Sen. o. 11 (Hann) o.coc6
F SheLLARy 1967, | MenwpLe SHaM, ©. 177 Bl
G SHieTANI 19677, Sen. o. 11 (Mnnu) c.oo?
H VoLwou, Ivamey, 1967, - ©.3S o.70
1 Harris 1968 | RucBY. ©.176 0.67~0. 08
g Jomes &T AL , 196% Livee PesL. o.2l .23
K Mo~ 1968 | New YeRKk, 0,32 (=) 3.3 (&)
i PoLackapar eTAL, 1969, | WwriTe Sawuds. - o. ©7 ]
™M Fu:--r'rl...JI M Vari T Kewnenr S.C. = ©.23
N TPasauiLu 19619, Ursnw. ) l.o ~3.0
(o] SLane 1969 RaLaveLr i/ 0.z2%8 2.6




Svnser . Sovece Sl"l‘ll.f_.___-__ __‘/ocf Ye (™)
3 =t CoLmer ia71 | RA.E (Bavrorn) O.16 0.0
Q. AT Toie 1971 . {Kenwany S C. T e D23 (M)
w Har®is 1971, | Rueay, .52 o.038
S Harris 1972 Crantiels. ©.125 0.0073
TueByY. .17 ©. 14
Svave as, o.2s(Men)| 123 (I)




Arpendix_ 4

4 4.

WHERE SuRRICIENMT DATA |3 NoT AVAILABLE FRom WHICH To INTERPLATE

THE VALUE oF THE TURBULENCE INTENIILTY AT A HEIGHT of 30mM. THE
’

FoLlowiNG MHETHeD OF ESTIMATION 1S USED. [HE DaTea of SHorani (195Y)

1% UseD AS Bw EXAMPLE SINCE SoFRCiB2LT

INFoR2rnAaTioNn IS

CluEN FRom wHICH A VALBE OFr TulkluLewcE

INTENSITY CANBE
INTERPoLATED GEHPH\LALL‘Y) AN

HENCE THE EsTrReTED VALUES

CHECKED,

SrrE s SNow CoueReDd —
iy
y m) e
7-S o.1SG
11 o.120
15 0.063

(@) Y= lim,

s Lt
a ™ 9..5.,3/_

L‘je. :’30 =834

G luiNG 5. ~ O.co2ewm,

AT 3= 20w

(EX'L)».; S 0.107

(;L) Y= 7-Sm.




4.2

(a‘yﬁ)mﬁ ©.019

Meau vaLues FRem (@) AN (i;) ARE :-

(@a)hn = O.103 Ye = ©.001I9m.

(c) G—aHPan_nL INTERPSLA TIoON ©F TURBULENCE INTENS(TY

AT y-= 30m. GlueES

(J:/L'i)m = oO.i60~06.i0S.

Neote !
[NTHE FolLowinG TABLULATED DATA (E_) EITHER
IMD1e™m TES | -

B. ESTIMATED FRom GILLUEN TuURBuLeEwCw DTATAH

©oR \I-'-‘
( O/G-)ao-. EsTinAaTEd FRom A Gluew ROLGHNESE LG TH |,
_r:-nz RAWMGE OoF RAOALLGHWESS LELGTHS AVER WwhHHicH sSVCH
ESTIHATES ARE ConsidDRLeDd To APPLY IS DIS Cuss @D I TwIE
MAlW TERT, -F-m aTHRR VALURS OF TORAULLEOVCE INTENSITY
AT Y= 30wm. HAavk Bean ORTAIWED BY EITHER (INTERPOLA TION
ORA MHODERARTE TDEGCREE ofF ExTRAPOLATION oF AVAILABLE

MEASOURENRBLUTS.




HPPENJ; 1. 4 CoNTD,

Data Puat7EDd In_FIG. 64

43

3oL Soures SiTE. (V& G)snm. Yalm)
Qa ResT, 1935 RoeaL . o.i09 ©.01
+ SwhieTANI, 194 ) Swews (7) o.097 o.001 (E)
o Cramer | 1as?2 SHeuss ETC. 0.142 (Heau) | o.026 (E)
o.182 (Mex) | o.120 ()
d SHeEPPARD 1952 WaTeR, O.\22 ©.001
e M®Cready, 1953 Trees evc. ©.156 o.o0s (E) ik
£ ShieTauI 1983 Swew, 0.103 o.co19 (E)
g |Lertau Dmuipson, 1957 | Rueac FueT. 0.134 ©.007S
h DuRST, 1960 | KWoesr, FuaT. | ©.128 0.0068
L 'Dm:r—.m1=»c:.la'rJ 1961 ?utzm.., FuaT. o .45 o.o25 5
i lvanoy, Kuinov 1961 Uraar, ©.27s 3.co
k. PasauicL, 196} Downraud, o.12s (E) 0.01
2 Kendo | 1962 AREIELD . o.ng (&) 0.0045S
Torar FuaT o.ug (® . 066S
RueaL FiaT, o.llo (E) 0.003%
e Pasaviiy, 1962 | Ruear,FiaT, o122 (B) D.Co%
n SHisTANI 1962 | Supures. 0. 222 (&) 0. 40
o Bvzaun 1963 | Ruear, FuaT o.14 ©.0MS
= KawanaBe , 19e4 | Urean, o.391 (B) 2.ap
CoasT. o.1s3 (g) 0.044
9 Lumiey, PhuoFsiy 1964 Woesds 0.2 40 {.00




4.4

SymboL SourcE. SiTE. (“aﬁ/ﬁ)zom. Ye (™)
r SinceR 1964 Woebps. 0.285 iL.oo
S Sorn , 196 4 Urnmm, 0.20 (0-3‘“:\ 2.32
C Yararnesto 3 1964 Urgen. o.24s (B .65
Sﬂn-tﬁnunll
W |Sumisen (raner  1%6S | BeusH seun-uues, ©.20 0.0
U Einerxin, 1966 | Rurar FuaT, o.i2 0. 02S
wj b‘“‘“”""ﬁ 19677 Woeds. ©.277 {00
lsyorev,
> SHELL&QD) 1967 TRurAL 0.3
Y Swerent, Arey, 1967 | ConmsT, o.Us 0.002
3 Gtﬂuan, 196% Urran, 0.32 131 (E)
a Hareis, 1968 Ruent. o.l4s 0.07S
' |"~/!'m-1t.1.J Hm.n--!.'.n-«lJ 1969 Rorac. o.17 (&) 0.08S CC—S
& Sieave | 1969 Ursan, 0.30 2.60
d’ Cormer ; 19771 Ruear, Q.17 0.02 )
e Har2is | 1971 RuraL, ©.177S .08 -
' Hae RIS, 1972 F!mzﬁu_J FuaT, o. 12| 0.003




ArpenDIX . 5 5.1
Data PiorTe» In_Fi6 65.

SwvaoL Source SiTE W/‘:J: Yo ()

a Tarvier F 1916 RurAL FLAT. | 0-D014~0:0020 001 (Rssuney)
b Scease 1930 | GeAssiLAND. [0.001S ~0.00177 0.01

c Swerrard 1947 RueAL. 0.0030 (Mean) | ©0.05 (r'mnu)
d PasauitL, 1950 Grass. 0.0010 0.0066 Y
e SwieTAN | 3 1950 G-RH‘SJUEGET!D“N O0.002 4 0:-03S

£ SuerraRD 1982 Sen. o.0011 o.001

g |Swerpaep, Onar, 1952 WaATER. 0.0004 0.001 (Ass)
h | Deacen, 1953 | Grass, 0.co2| o.018 -

L Hav, 1954 | WaTER. 0.6006 0.0810

j Mowin, Osukuov, 1954 RuraL, ©.002S —

2’? '\?l"bEEJ 1954 'Runm.,FLﬁT, 0.00083 0.0632

X ELLisen, 1956 ForaL. o.c013 — ﬁ
m Deacow, 19577 Rueaw. 6.0022 -
n Lerras, Davibsen, 1957 | Ruerar, FLAT. 0.0017 0.011

o Vino G rADOVA, 1959 Sea, 0.c00S —
1= Dencon, 1962 Sen, 0. c00S -

q Byzova, 1963 | KuraL, FLaT. 0.0017 o.o17 E
r SiNGER, 1964 Woeds ©.0032 lLoo

S Sonna, 1964 URBAN. 0. Do2 e.32 .




5.2

AP
SyrzoL S ouURCE SITE Wt H.(Th)
t Tnuu_nzial Lﬁ'PPF., 1964 RoraL ., 0.0014.5 Q03
L BEEHHHJ 196S RuRAL. D.cO2% o.07
Y BLackanarn eTaL 1965 WoobS. 0.002S 1.00
Ruratr. o.c01i2 O.08
uy Deaven PeRT, QS UrsanN. 0.0016 2.472
"3 ELperkin, 1966 TuraL . o. 00 (6S 0.025
y Kraus, 1966 Sen. 0.00036 00001
3 FrizzoLm 7hL, 1967 Woebs. 0.0025 i.0
Q' PavLsen r 19677 SeR, 0 .0abb6 O . 000G
+' St--u'n-uJ 1967 Sen. O.0603S —
)
c Weier, Boruing, 1967 Sen . 0 .®00 S2 —
d’ Glbsm, WiLLiAns, 1969 Sen ., O.0c0632 P—
e Hasse eTaL 1969 Sea. o. 00648 —




Arrendix. 6.

Dara Pettes v Fie. &b.

6.1

Syn ol Scurce SITE Y (m) \-_-um(_mx
a Tavier | 121s RouraL. 1O 70
4+ GereTy 1932 | WurAL FLAT. IS~as 1206
e SHIDTHHI‘ 194 € RoursaL . o~50 7S ~Io7
UrgAn. v~ 60 {00
d Suso‘raul‘ 1950 Ga&ss‘uac.e*rﬁ'nou O~ |6 0
e Craner, 1952 |Teees BusSHES. 2.8 12~12
£ _Pms.s'r‘t.ev‘ 1982 RoraL. r 1S~20
9 SHePeARD, 1952 WaTeR . 2 12
h Me CEEH‘DY' 1953 FoeaL, 2.4 90
| 4 & 420
L Rewin SeN, 1953 KuraL. 1:-3 12
j Sl-uo'rnuu l9s3 Snow i1 3o
ar £ So
% Tavier, 1ass Rueacr. \-s 24
s 40~ 110
L Wees, 19ss Ruesad, 29 a4q
m HH‘iJ Pn;qun_L' sy, Downtans, 2 2o ~4n
N DrvenrerT, 196la |RoaaL puaT, 1.3 26
Woo s, i1 46
4. iog
(=%} is2
i2s 1414
RueaL 1.2 a3
(Y <o
is3 oS




6.2

SynBoL SeurRcE SiTte w (v Lus (m)
o lunuuu‘ Kuime v, 1961 Urnan. 25 25
So 40
ioco 5
|1so 15
200 B8O
Aoo oo
1: Pasaoiuo : 961, Rueav, 29 32
30 G@o~130
9q) 273
9, Panorsky, 1962 Ruenaw. 2 20
30 o~ 130
r Sonnm | 1964 UraAw 26 1477
7 22 S
1077 209
73 230
253 - Yo
S Rernnaw 1965 | UARIous SITES, " 286
4 31
12 S3.4
1S 72.4
16 49.6
A Ss8-S
3o E-% 3
4.6 96
o4 66
Q| 134
1S3 74
Weebs. e 36 6
o<t G6
RueaL FLAT, 1S 2
Rorar . lo 58
4.6 96
C ELberxin, 1966 RurRAaL. 3 42,2
G-l 24.0




SymBsL Seuvrce Site ‘—J("ﬂ) L'-'-M("“)
w D AvensorT 2 19677 UrrAn. 76 i10
iy EL‘DEE\(\NJ 1AL KuraL. 3 16

G- 2

3 e

=90 | ag

wy Frizzolaarar, 1967 Weeowns. 23 73
4G 146

q2 292

o %HluTHH%) 19677 ConsT 40 19c
ﬂ Siuocee &T AL, 1967 Weons . 23 7
26 \9¢

Qg 366

3 SriTh 5 1977 [%ea. = 12

a Vm.xuvnrsmva’ Rueac (?) 7 4 200

\Ununu’ | ALy 40 we

®S 4.c0

il Buscn, Pomerscy 1962 Grass 1 6 182
40 189

Weoebs . S o

46 120

Rozrac. 4.5 | 4

Sen . 2 27

2 4 8

c' | Haerris, 1968 .| RoesL. 17-7 s¢
ioo So
- ico

]

d Fiewte, McVenin, 1963 |Swrudg, TREES . 18 (2
30 108

0 ioo

q0 143
i20 20




6.4

Svraet Souece Site Y () Lus ()
a’ " ISo 100
e Gunrer, 1969 ? 79 ns
230 130
£ f-'lv-rtiat»--tl‘\)l_\.m'mnr-lJ s B A W.T. TeaTs . 10 F%’;H ‘TE'?SYH
30 ioo 18¢&
So iag 201
100 204 224
200 242 242
oo 234 234
360 220 220
4.0 188 125
Goo 130 120
3' COLHEE’ 19771 Rurac, 3 4.0
.18 i:{e}
(R4 iSo
305 220
h | Harris 197) | Rueac. T 162
ico 226
ige 2S2
% Hnnans" 1972 'r_(’uum.'m.n'r. 1o 1es
20 1477
3o =
Ruenw, 2S 127
So 182
oo 2So
I77S 280




R'PPF_N"J: A%, 7

ThueoreT icaL Esmimates of THE LencTd ScaLe Lux,

Harriss ExPRESSIon FoR THE Lowe. SPreTrRuM IS -

nSm = 4 LL: Cﬁ‘] y (x‘z e

S(r\) dn = 4\.\: (1+tm) Al 'Ln 3 dn s A _’_

Subst. w1 for 0 ana dn

% < £ E-L...
S(rydn= 4u, T+ O% = el o e

s

o
. d
j St dn = 4. ‘(ﬁ*:ﬁ);

7

) o ke T el o
ﬁuﬂ‘ﬁs [_['S(n)dn:’ = /I:'LJ[Ale Jm‘]

of

which reduces Yo:-

T e S PO
-J -—
Uy
*
W i,
S Ke = ( % u...)
= R
'r“_/—,,- e KL T g
Q@ y

FR.M-: THE Rwr-_a Lﬁu:

5= ol
Mg s )

Ve =K
e, =~ 2sek (%)
Knuwln& l/-{. AND Kle THE vAaRIATOoOwN oF

THE TURBULLENCE INTEWN S 1TY

& ESTIMATED.

WITH HEIGHT ChAN

v |



Frun-\ Tﬁ‘r\_ozf- HYPoTHESIS |-

Lu‘,_ % "_'LB a T
. ha
tuk T= _[ R(x) ax
LK—; = ll_l.’ S _[ R(\‘.) dx
u’_" ]

"I'an. Al SHoWww Iy THE REBUIEwWe LITER  ATURE THAT
TrHRE PowkR SPeEC TRUM AWD AUTo CORARLATIOL FuNcTon ARe

Foveien TRAMSFoRMS oF EACH &THER , HENCE:!-

=)
S(n) = 4J R&) Cos 2wn x dr.
o
A AT ZeRs FQE&UEDC“Y’

$@) = 4 _[ R(e) dx

L el g S — R,
G ¥ o
Swuce YrYdn = 4K U. J200  dn X (.f:nzoom)

Ua (T4
S(D‘) = 4 K &l. . Q?Eb

Subst. 1n 2.
buc= 673 k. Uy . Q.
LL s
e @73&:(&. )L_’j___,,
Va'/ Oy
Subsl. fer x -3

¢

(“45) =L <es k (%)

5
Ly = f01 (”/:o)* S




Tk

Hewnce Lu;.],m) CAN RE ESTIHARTED A A FuwcTiows oF

VJ.. AMD H -
v, Yim) | 30 SO 100 200 | 200 | soo
0143 118 127 {40 155 64 iy i 4
0. 21 127 142 163 190 206 | 230
o 28 136 157 192 234 | 261 300

Cl..aa-tl..v THE THEODRETICAL ESTIMATES PREDICT THAT

THE LENGTHM SCALE INCREASES AS THE TERRAIN ReusHmEss
]

Ccﬂ. /A\) INCREAS ES WHICH 1S RT VAR IBMCE WITH THE

RESLLTS OF THIS RELIBW AND RuAlvYSIS.

Tl-hs 1% ARTTRITLVTEY Te THE CHeoICE oF A Coms TRaT
VBLLE Fof of , INDEPENDELT ©OF TERQAIL TYPE, WHICH
Dccurs N THE EBxXPRESS ey For THE SP\‘-(_TEUH,

CE.To AS SHoww 1N SweT 4 (Enuu;_ 4&)

L\L‘_ = CQ“&": (H)ﬁ

WHER S THE ConmaTRWT 1% a FuucTiows

af THIE TeRRAIW ROLGHWESS,

ALse | Me@e CormacTty FRem Equs. 4a

l/.‘

Ui e, Coag')

WHEREAS 3 ARouE GwEes'-

L\Lu o> CL—])V‘




ATMOSPHERIC BOUNDARY LAYER SIMULATION
SURVEY OF METEOROLOGICAL DATA

A B Gare A ADIABATIC/NEUTRAL EQUILIBRiUM
\ \ B UNSTABLE
X C STABLE

! \
(HEIGHT) \

\
\

STABILITY CONDITIONS OF THE ATMOSPHERE

S

T (TEMPERATURE)

VERTICAL AND HORIZONTAL COMPONENTS OF THE EARTHS ANGULAR VELOCITY




LOGey

6.0

4.0

2.0

-2.0

-4.0

-6.0

OPEN GROUND:(a)

Yo = 0.127em(0.054:n.)

6.0

4.0

—
.

GRAIN.O.3m (12m) HIGH:(b)g g

//70 =2.27cm.(08351n)
A 4.0

el

GRAIN. 1.O7m. @2in) HIGH:(c)

Yo = 4.80em.(1.891m)

o

B

-4.0

6.0

S

i

l
20 30 40

5% U ft/s (c)
4.0 |

(REF. STEVENSON 1880)
-6.0

FREIE|

FIG. 2 ATMOSPHERIC BOUNDARY LAYER SIMULATION SURVEY OF METEOROLOGICAL DATA
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RNrresPHERIC PBounbary Laver SiMuLATION

Survey of Mereorotncicnr Drra

Recuriing squalls at Abcrdeen.  An anemogram obtained
Aberdeen on Januory 1, 1008, showing a succession of twenty-seven ' squadls

in a lHght wind botween 10,39 a.m. December 31 amd 6 ey Janvary 1. Th
intensity of the squalls is not great, as the highest velocity s less thin 3o
per hour, but the squally Auctuations as distinet from the gustiness of she.:
period are well marked.

WIND CURRENTS BEHIND STABLE BUILDINGS
AT _PYRTON HILL.

1520 mph W. Wind

J—
e o The height of che Surfuee
:‘:: indil Surfest e~ -——-—-___\_“\o"rmrm'm here 8
Fm}fﬂ...——:.‘“-,. k \ ’\‘__ L _wwey variaMe
= of Sen®
- oL
Seili Air, or \_ A — e '
alight Returs -— 28 mah
y i -~ - - Large Faretiens
/ rt “-\\‘
. \ —
Buirding ]
1574 high * 15 ft. wids \?{ foped -~ The prosence of traes,
0 - - & greater diptance frpm
™ :'ﬁ = the Builfing of listle
:‘. velue

Surface of tha Greund

Diagram showing the ** clif eddy ™ in the ncighbourhood ol
a stable at Pyrton Hill, due to a 15-20 mile wind blowing on the side of the
building.

CRI‘-.!'. Suaw 19 I4)




ATmMosPHERIC Bounsary Laver SimuLaTiDN
v

Surveyv of MeTeceolLoGicaL Dara.
S R S SRl T BZ
L7
4
| 3T
z
Calculated Curves
-Jn-g
Y
T
z
S a7
B ;3
1S
gl | E
g i
/ 3
5 :
3
< 4 L ] L ] (2] o E (]
WIND YELOCITY IN FRACTIONS OF GRADIENT WIND DIRECTION
[ R L [ L O i e, e THE?RLS
| 1
i |zm
! Observed Curves \ ~2000 ‘
| / oo (\
| :
g |\
s / 1200
gl’ 1800 / g
wd
3 3
A s e
/. +f !_.l
. p— Y =¥ 1= e .t-/“ ' A i I/ i g
o T A S 8 I - 0 20° [y )
WIND VELOCITY IN METRES PER SECOND WIND DIRECTION

CEEF. Tavior 19/5)




5 7

. HEIGHT IN METRES.

BIHDSPHggiC Bbgﬂhaﬁy Lﬁjgﬂ ilnuhﬁllﬂﬂ

SL.IRUEY

of MeteocrorocicAaL DaTA.

]

i j__ i

ra

T e TR T E
RATIO OF WIND VELOCITY TO WIND VELOCITY AT 10 METRES.

CPEF. CHuaPrian IQH.)




QTMome‘-_Enc Bou:ubﬁﬁ.v Lﬂvgn Snnm.n‘ncsu

Suruey oF MeTeoroLosicAL Data

Disconlinuily

Comprassion

GrounD

e e O

Resulling
1deal Fressure Tube

Anemogrom

[(Rer. Gotnie 1925)

FIG.



RTMDS-PHEQ.IC. BDUNDHRY LH":‘ER SIHULHTIDN.

Survey oF METeseoLDGICAL DATA.

SrReAD

‘-.-
h s S0 e

gs 18 METRES

Iy il AL ISAGRANMS DUTAINED WITH AN SMALL
RISDIRECTIONAL YANE AT IHPFEKENT HEIGHTS ANGVE
FHE GHROUND

(Rer. Scrase 1930)

Fie. 7.
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ArmosPHERIc BoundARyY LAvEr SimuLATIoN

Survey oF MeTeoroLocicaL DRATA.

H 8

3 2
T
2 <?\
= e s
—_ {) % z
e) i’ €

e ="

B '\) :

= < §

; 33

0 E— .

C o :

et

— (=] - = L=

' 4
(99s/ W) ALIDON3IA

(Rer Scrase 1930.)
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Arrmospreric Rouvunary Lavee Sivvcation.

SurVEyY of MerTeseoLocical DaTa.

Vo |
% Pecards Greater than 28 mi/hr i
his a7 r 1
@ 360 i
& arl} Meaned
X 331
'y 393
2
% 5} 3
L5
a¥

ot =3
B S50 e e AP 50 S - R i i QPRI I SR R R Y
3
b -
I 1824 mi/hr
- ol au} Meaned
£ 427
&
2 !
§ lof i
& |
1
3 <8 °T 6 5 -4 =3 -2 -1 @ s} \§ oy

€0 - =
> Record \ |

poriii i 1= 12 _mi/he

ald i 40!} Meaned / \

o / A
& 402 \
Tl \ i
s N
\. — J
-4 -3 -2 ) 0 .l e WA w4, .
Trove mrAcRAM SHOWS THE FREQUENCIRS OF AUCPLYRATION

o IR ' 1 = gty BIING DI SAME A TF

SHOWN IN FIG, 41, BUT COMBEN AT i Wikl yus .

THE MEAN WIND OF THE RECORD WAS OVER 28 MiUHK, 18 10 2 wm

11 1o 12 Mifiii.  FoR COMPARISON FREQUENCY CURVES AFF A1SO DRAVEN TO

PASS THROUGH THE PEAK OF THE CURVE OLIAINKD FROM THL DATA  THE

ORDINATES ARF GIVENJIN PERCENTAGE FREQUENCY, TIE ANSCIESH 1N T it
MILES PER HOUR PER 5§ SECONDS

)

LOG_ K.

>
wn

L8
o

it
w

30

(K- Measure of TurRR. InTENSITY

. 1 |
5 1o mi./hr. 15 ;
SURFACE WIND SPEED

FURBLLE ) L i Le

VERTITAL TL

fLENTY 0l

RELATION OF THL (ON!
TR DMFFERDENT VAT S Wb T

(Rer. GisLeTT 1932)
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AtMospPreric RBounnpary Laver SiMuraTion.

SurvUeyY of MeTesroLocicAL DATA.

CARDINGTON AUTOGRAPHIC REICORDS

Aneiaatie Conbiiiens

...--.--_'& --_--_..- --

W by, e ol M

e -..l..._-__..-..-

OCTOBER 8-9 1928
1 ' i
[] v
iCJ‘s!!::‘s t

A 5T Y eaeibiaiel
PN S A B )
- -4 " 5 = ®
i PRS- "_'—_‘l‘"' Ay

o e e

{'41-:«-1_-__*%%' i

Al

n;i'- 'n

B

it

Mire-Uuisk Run speed reserd for peried D_w 9 OFh. J0w D04, to OIn Afw ot 1B0 fr. (Miatiem V),

Ivedsion ConbiTions

: | } : 1 H ] . | i -
wli .'.ir.',L_ o B PORCENE IS
wn it ‘;i i ‘ " - | _ L J”( l :LL i,
ra d Ir MG AP RV AT Y My (IR iy T A
1 Vg iy SR 1t ! i :
S A b B - e MR 1r |1 1 Lr IERE WE bl
la 4 !‘T‘ | 7 & 10 o;ulu'_n m‘.5|s[0!- .-!::-
Pelo il PR bl e ] bR

(Rer. GinrerT 1922.)
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SuRVEY DF MeTeoroLowicAL DATA.
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Iso-Verocity LiNgS IN PArT or A WinD Gust
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Fie. 11

( s Suerrock and Staur. Swm.u




Vertikal, Stoppel

Herigental in I3 cm, Ride Horireatal is 23 cm, Stoppel Fertikal, Ride

Herizontal in 12% ¢m, Stoppel

Horizoatal ia 125 cm, Ribe

Fig. 12.

ATMos PHERIC PBounoary Laver SimuLATion.

SurRvEY oF MerTEskolocGicAL DATA.

Wind recards from Honwomelsheim, October, 128, Clhanges in velocity

with time al (Hﬂ'r'rr'm' sevlions. Scale on e fn‘H medres, f:u:}r_‘ ﬁ.‘r;nrt‘u

on top fime in seconds, small fiqures on lop and below rvelocities in

metres per second; dasleed areax: negative velocitics (motion against
the wind).

(a) and (h) vertical sections, (¢) and (dY Tovizonlul at o height of 25 em.,
(e} and [” the same al 125 1L, (), (e) and () faken orer stubble ﬁ"_‘h.\'l
(hY), (ed) aamil t_f‘ nrer I.I’J'r.’ti ”.f \‘;.Hn-!r.'{

C Rer. ScuridT I‘IES.)




Brmoasprrueric Bounbary LAaver SimuLaTion

Survey oF MeTEOROLDGIC AL DaTA.

§

“ Gust spectra,”’ amplitudes of wind oscillations of different periods. A=observa-

tiong taken at Aspern (acrodrome, flat grass land), HS=Hommelsheim (over

stubble ficld), HR=Hommelsheim (over turnip field). The figures near these
indications give the hrff;hf abore qround.

C?E!‘. Scurinr 1935.)

13

Fic.
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ArrMospreric Doundary Lavee SimuiaTion

Suvrvey o MeTesRorecicar Dara.

)
L8 )

NI"
o,
&
)

—\g

Yo lem)

~-Relation berween surface wind direction and roughness

CRE.F Rossey aubd MonTGorERY IqSS.)
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AtMosPreric BounbAry Laver SmuLaTion.

SLRVEY oF MeTeorRoLoGlcAL DatnA.

CHANGE of wind velocity with height
above ground as found by different in-
vestigators.

1500
v Bl I O O
la - Tay! <20° ; K«B0000
1300138 - Tay,ers 2- e *a&ggg) it
gl - i e
THen 1 e—
e ¥ - 'ﬁ‘:h'“'z :oo&drw
T 100015 Chovenson  Vso 06756
g'il)ﬂ Yo
o 800 _.|::
& b~
‘é 700
8 600 o
= /
+ 500 -
2 400 e
= 1
300 1c ','\m'
200 ey /4
100 I 4 /i{{’“
0 .-',_...& He-ld
0 01 02 03 04 05 06 07 08 09 10 Ul
Ratio, Slocity
Gradient Velocity
(Rer. Pacon. 1935)
v B i
OTEMPERAIURE GRADILNI - O°F Lo -1-8%
X . 409 - 4r8Y
B0 L. ¥ 3

s ___.".
1o |—— 2. L e
i~
7

- 6
vELOCTY (m/fem)
~=IFFECT OF VELOCITY UPAOM \VELGCITY
GRADIEN. i

( Rer. Best I‘I;_;)




ATmMosPHER I RounbdbaAry Laver SimulaTion

SurRvey oF MeTeororocicAL Data.

ZERD TEMPERATURE GRADIENT
!Bt wio0) < 4 o-yw

n

oG (y=4)
e

N

o
a/
|
|
|
Ve ; | ' l
L
30 50 RE N0 o [
uny
~=VULUCITY AL A FUNCT ON P
LA (y—l)

3 . DG i e
Zer0 TEMPERATURE GRADIEMT ?'ERO TEMPERATURE GRADIENT
15 mfom< V(I00) ¢ 4°0 mfse I'S anfou V(100) < 40/ sec
-~
£2 "
N
N .
(U} (6]
2 ,./
i 02
/ Ko____ o
/ o

(-1 7 15 21 100 200 400
LG U(Y) Yy (em)

—VELOCITY AS A ¥FUNCTION OF A ' POWER "' —VARIATION WITH MEIGHT OF a IN THE RELATION
OF THE HEIGHT. U (s) =Ay*.

[(Rer. Rest 1935 )




Fic.I"]

ATMospHERIc Boundary Laver SimuLaTiON.

SuRIEY oF MerEoroL BGic AL - ISATA.

X
80 =2
o~L
\\ i %
i B-\\o 20l-= % S
-
u\ \...\ % ’,.-0 i o
&0 ~ ’J’
\ o P
D: : \: » 0 {/lﬁ
) 0y
’
(Lar)ao \x D, )
,l
e 18 S L(2M) € 25 m foee R /
O-~-=025 l‘f’h‘-&(?n}‘d-'On/k 7
/ x X {wammua CRADIENT between,
i) k.._‘ '30 -1 B*F & 27 “f
e { TEAPERATURE M RADIENT betweand
10 00 &+09*F
X x
A} ”"“‘*a.____‘ = - 3p -_3\-_;_:‘,0_--.— =0
o o‘-""‘--"‘-o‘_ o % x".n‘
’ ““'ho B X,«r
D So % 5
H i [
'(VERT)# ® ¥
\ } /
:\ o 2 4 [3 T
VELOCITY AT 2r. mysec
3 —VARIATION OF GUSTINESS WITH VELOCITY.

*4

-7 )
TEMPERATURE GRADIENT ()

—VARIATION OF GUSTINESS WITH TEMPERA-
TURE GRADIENT.

(Rer. Rest 1935.)




plTNO.SPHER!C. BDUNBHQV Laver Suhm.?r‘rn:)u.

ScuRuey or MeTeororo Gic AL DaATA.

E c+5,75 log 9‘1’

" w¢
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Z
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L Rer. Phescrre . Iq_i'.'i'.)

(c)
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Artrosprere Roundary Laver SiMuLATI ON,

SurRVEY ofF MeTeEoRoLoaicaL Dara.

UFin)
emi
L

N

X O0BSERVEL (DRYDEN)

20 25 30

(Réa Tavias 1938.)




AtrMosrHeric Boundary Laver Simulation.

Suvervey oF MeTezoroLocicaL Darha.

=R e L i
N i E 1t v b1
= :iilﬂ f !1111‘.:1 !
i "t“‘ | ‘” I
. PSS T
8 5 | L]
W

R A e o

B 00:E IR I R A

Comparison of National Burcau 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/scc.
At right, NPL values of (#(x) from Table 11 of reference 21, L, from reference 20) 82inches
behind 3-inch mesh screen at 15(+), 200X), 25(+), 30(2\), and 35([D [t fsce.
The reference Burve in each case s the curve

VEW) 2 SR 5
5 PR
[

whore [7 s the mean speed, L; is the integral f:R,dx, R, is the eonrelation Letween the fluet -
tions at two points separated Ly the distance x in the dircetion of flow, a is the froqaency, and
F(n) is the fraction of the total energy of the turbulence arising feon frequencies brtween sand
n4dn,

(Rer. DrydEN

1943 )
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RrrosPreric Boundary Laver Simuration.

Survey of MeTeorRoLocicaL Dara.
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ﬂTMasPH ERIC BOUN DA

ry Laver SimuLaTion.

Survev oF MeTeorbLOGICAL

Dara.
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27,28 July 1944
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()

arDsa~n No. For os -c.gmﬁ <1 3

wind 100 _ (0,95
| long grass [ight :g’_g‘-.-.tur-ﬂip field (1)
60-T0em g |__~wheat field (1)
Sarlond ST 402" 1ong grass land (1)
r; ﬂnimor shorl grass llt:m:’:l {{l]}
= — 2.0 4 open grass land (2
downland = \sge:pe (6)
-winler 10 \fa"!:lw land (1)
L o84\ Gottingen aerodrome (1)
mown grass —{ . | (a5 w.ée
(lengtfi 3 em) -_.{-close ed grass(2)
L0414 “-snow (1
—snow (3)
nitl);vnt Iiasss j._..- 0-2 -
el —cvicket field (4)
| ndiural snow | 0:t [T cEICNE
surface - .08 D
L .06 -
.04 ——sand (%)
sun baked sandy,.
alluvium T (T
o1 | /A References
ey gl ) Paeschke (1937)
smooth snow on 0061  (2) Rossby & Monigomery (1935)
shof™L o004 (3) Sverdrup (1936)
- 2l (4) Best (1935)
oot (5) Bagnold (1941)
(6) Laikhtman (1944)

smooth mud flaks 1-00L

(b)

[ Rer. Deacon l‘748.l




ATMosPHERic Boundary Laver SimuLaTion.

Suruey of MeTeorowneicar Data.
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ArtmosPHERc Rounbary Laver SimuLaTion.

Su(&uey OF

MEeTeEorOoLb GicAL DATA.

rie. 24.
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[(Rer. LETTAL 1949.)
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RTmMospPHeric Boundary LAvErR SiMuLaTion.

Survey of MeTeoroLocicar DaTa.
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Velocity fluctuations u' relative to local specds,
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Armospreric Boundary LAaver SimuLaTion.

Souruey of MeTeoroLoGichr DATH.
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. General nature of wind profile in near-neutral conditions (from re-analysis by Lettau (1950

a)
¢ ( Rer. Letrau 1950.)
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Vertical Distribution
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CPEF—. Shistan: 1950.)
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Atmosprueric Doumdary LaveR SiMULATION.

Souruey oF MeTEbRoLoGICAL Data.
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ATMospPHeRic Bounbary Laver SimucaTion

Survey ar MereseoLocicar DaTa,

s T T 28
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Distribution of mean and luctuating quantities in a two-dimensional channel, K 1.2, 3000 aft.
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Diagrammatic representation of energy transfer processes in a steady turbulence spectium in
which simifarity in eddy structure is assumed to exist among eddies smaller than those represented by
the point A and viscous dissipation is appreciable only in eddics smualler than 1t
4 = energy input from mean motion (total — «)
-» == energy transfer from larger to smaller eddies

4 = energy dissipated by viscosity (total - ¢}

CREF. FriesTLEY and SHePPARD 1952.\
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Wind direction relitive to 200 m wind
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(l?&r—. SHeprard, Charnoack and FrANCIS J‘:I.S?.)
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ATMosPHERIc Dounbary LAYER SimuLaTION.

Suruey or MereorRblaGical DATH.
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Prmospreric Bouwdary Lavere SinuLaTiIoN.

Qurvey of MeTeoroLosicaL DATA.
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~REI4TION BETWEEN BEST'S GUSTINESS VALUES AND
STABILITY
ROUGHNESS PARAMETERS OF VARIOU *ACES &
S0 AIOUS SURFACES Cb=2(""ﬁ) |
Type of surface R, Drag cocfficient
_\'l" at 2 m,
; cm.
Smooth mud flats 1:06 0:001 0-0021
Smooth snow on short grass 1:07 0-005 0:0024
Seat I T R 0-02 0-0038
Desert near Karachit .. 1-085 0-03 0-0041
Suow s laee, Candat, . 1-10 . 005
Mown grass surface : y ko
grass length 1-5 em. | 1-11 0-2 006
grass length 3-0 cm. b Y | 1-14 07 8::?:;7
o ity = 2 m./sec. 1185 .
rass length 4-5 .{'f" i 01017
SFassacas s u,=6—8.m./sec. 1-15 1-7 0-014
g = 1-5 m./sec. 1:275 9:0 03
Long grass, 60-70 cm. high{ﬁ,: 3-5 m.[sec, 1-25 6-1 3323
i, = 6-2 m [sec. 1-21 3-7 0-021

C'REF-. Dencon 1953 )
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ATMmospHERI. Rounnary Laver SimuLaTion.

Survev of MeTeoeoLoGicar DaTa.

O T T T T
o3t
P
&
~J gzl
L
]
£ .l [a\
o L
©0-003 -0t ©-03 0 03 10
FREQUENCY Ic/s
—Spectrum of stross nt 7 height. Bun No, 1 of January 10, 1952;
Ri,..— —0:08; T - 3-34 m/wec.
(L Rer. Deacon 1958 5.)
018 T yre— T T T | T T T T
o ® = 3- N MEANS
/ i\ % = 50~ SEC MEANS
£ o= 5-SEC MEANS
olof- 4 e DT P ) -
~ ’ s Ten
] / LIS "’49'
N 7 s T,
z ’ =~ oy
— F -
2 T (H)
¢ 008 i e -
. —_——,
oW RADIATION | L MIN MEANS — e
4% 33-AND 5-SEC MEANS
o "l L L 1 i 1 i 1 1 | 1 1
Ot od o8 . . ] - . Lo 20 4“0 an
K (CYCLES /KM)

Behaviour of the spectra of horizontal wind components under high and low radiation conditions
in the micrometeorological [requency range.

o8
‘ T T 7 T T T T T T o T
L)
'l -------- (%) E-W COMPONENT (I0-14-52 TO 12.2,.12)
i (F) N-5 . - .

o B —— —— (V) HORIZONTAL SPEED * “ " 1
t‘ = e 1 AA) " * (9-9-534 TO 9-1-54)
L]
]
]
e ‘. ] 5RO M ANS n

Il 0% M .
L]
L] }'I'J.iq v - [C‘j
1

T’ o1 1

“»

¥

4 ]

Bif = i
B e e TR
L 1 : | A A L A 1 A | [ Fr— |
ocs oo o8 o2 -1 o8 o8 1 7 -
M (CYCLES /KM

Behaviour of the spectra of horizontal wind components in the mesometeorological
frequency range.

{ Rer. Pariopsicy pwa Vi Dew Housws (955




ATMospHeric Rouwwnary Laver SimuLaTion.

Suvruey of Metecroro cicAL DATA.

EQUIVALENT HORIZONTAL SCALE (M)

L i S 1 A= R R L TN T
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w» foe+0WDL

=3 1 o oo
MHEIGHT M

SHIOTANI 1853, FIG.3) FleOM SHERLOCKS OBSERVATIONS IN STORMS;
MEAN WIND 15-22 M /SEC

SHIOTANI 11953, FIGS.1,2 1 OVEN SNOW; WIND ABOUT 4 M SEC

SHLPPARD (1832) OVER DOWNLAND, WIND AROUT & M/SEC

ROBINSON (1953 OVER SHORT GRASS; WIND AROUT 4 M /SEC
MACCREADT 11953) OVER GRASS- U TED SAND: WIND ABOUT % M /SIC
WEEE (PRESENT PAPER FIG. 8, FOR Bl = 0) OVER GRASSLAND; WIND ABOUT § M/SEC
TATLOR (1953) OVER GRASSLAND; WIND 2-4 ™ /SC

DEACON (SEE PRIESTLEY 1932) 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 SD. OF 12 VALULS

-Seale of u plotted against height. From autocorrelations
in near-neutral or moderately unstable conditions. y

Iy gemy
3

3
*

A
s VP

plottad
Riy.s

—0:1 o +0-1
Aiy.s

~Horizontul senle 1, from 20 i antocorrelation

sgamst Ky The point for w with L, = 649 in at

+0:10 (see Table 3) was obtained while the paper was

in press and therefore does not appear on the figure, — J— w

—_— p—-— “'; o7,

(Rer. Wese 1955.)
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Survey oF MeteEoRoLocicat DAaTA.
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(QEF'. Deacon 1957.)
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gTMos.PH&n W Bnu NAARY Lﬁ*rEo_ SIH UDLATION.

Soruey of MeTeorkbLocicAL DaTA.
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steweture of the © twosdinenslonal™ Jebs ln the constant-stes Tnyer, e Pall e copresents
Ehie el of B Jot Tl dashiod Hines are streamiines celative to the mean velocity at the base of the jet.)

(3)

. Structure of a wixing Jet In the vuter part
of & boundary layer. (The Tull line ropresents the
edge of the Jet and s nearly the boundary of the
turbulent Fluld. The dashed lines ure stronmlines
relative to the mean veloeity at the base of the jet.)

(QEF. Townsend | 957.)
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_ Horizontal wind-speed spectrum at Brookhaven National Laboratory at abont 100-m iwht.
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ATmosPueric Doondary Laver Simouation

SuRrRVEY ar METEbRoLOGICAL DATA.

1 ¥ . -
Values of édetermmed at various locations
* Investigation made by author in 1957.)

(a)
Super-

Site adiabatic Neutral Stable Inversion Height Range Terrain
Quickborn, Germany [3] 0.25 0.27 0.61 10-70 m meadows
Tallmadge, Ohio [85 0.16 020 025 0.36 1149 m flat field
Hanford, Washington [9]  0.09 0.12 0.14 0.25 15-122 m mountainous

(a)
Cardington, England 54] 0.145 0.17 0.27 0.32 1o 0.77 8-120 m grass field
Harwell, England [14 0.09 0.08 0.18 9-27 m airfield
Idaho Falls, Idaho® 0.15 0.18 0.22 6-61 m desert
Brookhaven 0.19 029 035 046t00.59  11-124 m nearby wooded area
Variation of & with height of layer.
Height of Luyer
Type of Observation 32-258 m 123258 m 32-123 m
Nauen
L5 -_‘-ium.mcr 1:1:;|| T h _-ll,ﬂh‘ =y 0.01— - 0.11 i
Summer midnight 0.36 0,28 0.60
Winter noon 0.12 0.27 0.06
Winter midnight 0,29 0.43 0.31
Quickborn
L Helghtof Layer [53
Lapse Rate 10-30 n =70 m T30 m
Instable 0.25 0.22 0.28
Neutral 0.27 021 0.33
Inversion 0.01 0.57 0.63
. Cardington
i oy Height of Layer
Lap=e Rate V107 m 46-107 m Q46 m
[nstable 014 012 0.15
Neutral 0.17 0.18 0.17

[?EF. De Marrais 1959.)
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(Qar- PFrnorsky ann Detasn 1959.)
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ArmospPHenric Bounnary Laver Simuratriow.

Survey or MeTeoRoiLocicAl DATA.
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BjMnsPHF_Qm Rouvunary Laver SinuLaTiDN.

Suruey ofF MeTEoRoLnGic AL _DATA.
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Time-log t

Frequency  spectrum
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Ja Structure  function Intensity in relation
\J to sampling time
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o
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d

w

o>

~

@
Fin) = 4f R(t) Cos 2mnt dt
*]
o) = o [1-RM)]
/W
Riydt = t = /G
| (1) t, /@

i Fin) e n-P, [l-R{t]] and Dft) = 1t

l‘ = G/ 2"“111

% /% = /(-2

p-l
For R{t) = exp i-"/‘;_]

Reprasentation of atsospherie turbulsnce.

Yow

o 1 1 1 ]
[+] 020 040 060 080d/h

Variation of roughness parameter Yo, within
a deciduous forest

| - during a foliage, 2 - without a foliage.

C’REF. Ravner 1961.)




Cross-isobar wind angle. ol
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BTMQSPHE—.QIC BOOMT_‘.QR‘;’ Lﬁw.r_n_ Smu\_ﬂ-TmN.

Souruey o MeTeokRoLatICAL DATA.

osl= o Lettou's Collection

© Brookhaven,July 1950
A Brookhaven25Novigs0
;,1_, e Hanford, 1959
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Predicted and observed relationship between u*/U,and surface Rossby number u}/F 7
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CQuURVEY OF METEOROLDGICAL DATA.
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Spectra of vertical velocity at numerous locations as function of nondi-
mensional frequency ™Y /TL (According to Panofsky and McCormick, 1960.)
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Smoothed and averaged spectra of longitudinal velocity in neutral air at Round Hill.
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Variation of vertical-velocity spectra with height in neutral to slightly unatable
air. Dallast a. 46 m; b. 137 m; c. 229 m; d. 320 m., LO-LOCAT: e. 229 m.
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Asgorted longitudinal-velocity spectra in neutral alr at various locations. a. St.
Louls, 76 m. b. New York City, Telephone Bldg., SW winds, 177 m. c. Brookhaven,
91 m. d. South Dartmouth, 15 to 46 m (neutral and unstable). e. New York City,
Wall St. Tower, NW winds, 280 m. £. Montreal, 76 m. g. Hanford, 3 and 6.1 m.
h. Cape Kennedy, 90 and 120 m.
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Spectra of lateral velocity at South Dartmouth Mass. Stable: a. heigh

» * : . ght 46 m;
b. height 91 m. Unstable: c. heights 15 and 16 m; d. heights 40 and 46 m. X
e. heights 15 and 16 m; f£. heights 40 and 46 m.
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