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SUMMARY - e

A re-examination is made of work pﬁblished by others on
turbulence in the upper atmosphere at heights rangimg from 80
to 100km. These results are found to be explicable in terms
of a modified Kolmogoroff_spectrum. | /

A method is described for obtaining data for the invest-
igation of turbulence in the meteor région from the line of
sight drifts of ionized meteor trails as measured by a spaced-
étationtradio:ﬁechniqpe. The application and limiﬁatiOns of
this technigue are discussed in some detail. |

The results of a thirteen monfh surVey of atmospheric
turbulence at meteor heights from December, 1960 to December,
1961 are presented. Direct observations are made om the
scales from 100 metres to 3km, and of the characteristic vel:
ocity of therenergy bearing eddies. The reéults from this
survey are also found to follow the Kolmogoroff law, modified
by the eifects of a vertical shear and an eddy éubrange aris-
ing from the action of buoyancy forces. At scales less than
1km the buoyancy subrangejpredominates. If the measured wind
velocity differentials pertaining to this small-scale region
are interpreted in terms of a Kolmogoroff spectrum, ﬁhe turb-

ulent dissipation rate € is found to be approximately 50
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ergs/gm/sec, which is of the same order as the 70 ergs/gm/sec

found by others from the photographlc observations of the

diifus1on of sodium trails and visual meteor trails (The max-
imum scale size that can be measured by this photographic
technique is limited by visibility to sbhout 1km). Once allow-
ance is made for the buoyancy subrange, the scales to 6km are
probably 1sotr031c, and subaect to a small vertical shear,

- while the 1arge scales, whose characteristic size is determ- jf
ined by extrapolation from the scales observed, are distinct— ; %>

ly anisotropic, with a vertical scale of 6km and a horizontal

scale of the order of 100km. |
The turbulent dissipation rate ealoulated from the
~change in velocity difference with separation for the scales
fromri to 3km shows a marked seasonal variation, with a max-
imum of approximateiy 350 ergs/gm/sec in spring and autumn,
and a minimum of about 180 ergs/gm/sec in summer and winter.

A An attempt has been made to ;ascribe an absolute value t0‘5w

the turbulent dissipation rate via an expression which

involves the height shear.<; Because of the:low eCho*ﬁwA

rate achieved no information about the diurnal variation in
€ is forthcoming. However, since the diurnal variation of

'the characteristic velocity of the energy bearing eddies is .

of the order of 2:1, a diurnal variation in the turbulent

dissipation rate is expected. The dissipation mechanism is




iii
somewhat obscure, since energy is extracted from all séales
by the buoyancy subrange. The origin of the large-scale ani-
sotrOpicAeddigs is still in doubt; although there is some
correlation between the characteristic velocities of these
eddiés and the diurnal variation of the mean wind.

A preliminary,estimate of the turbulence Reynolds number

appropriate to the meteor region is given as 7 X 10°%.
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CHAFPTER__I. | o

Turbulence in the Ionosphere

1.1 Historical

Jonospheric irregularities were first studied by Rat-
cliff and Pawsey at Cambridge some 30 years ago. Recent dis-
cussion of turbulence in the ionosphere dates from the discov-
‘ery about ten years ago of the phenomenon of VHF scatter .
transmission. Until then, 8ll irregularities were assumed to
have & Gaussian distribution of electron density, aﬁd to occur
in an inherently stesble ionosphere. While experiments were
being carried out in propagation of radio waves beyond the
visible horizon at VHF, scattér froﬁ the troposphere was evi-
dent; this was readily explained in terms of atmospheric tgrn
bulence. Since icnospheric scatter also occurs at VHF, iohﬁs—
pheric phencmena were further in&estigated in the light of
turbulence theory. |
1.2 General

Mechanisms of two types can lead to turbulence. The
breakdown of primary instabilities in jonization can give rise
tfo turbulent "motions" of the ionization; secondary instabil-

ities can érisé from geophysical motions, which will also cause
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turbuient motion of the ionization. The first gives rise to

apparent motions, these being caused by changes in the ioniz~
ation density, and not neceésarily related to actual-physical
transportation of the reflecting particles. The sécond type,
which represents a true motion, may or may not be'that of the
non ioniéed medium, perturbation of motion being possible if
there are strong E or H fields present. In most of the above‘
cases, the appearahcevof turbulence should be irregﬁlar iﬁ
time, space, amplitude and spectrum. |

Available theories treat only turbulent motions that are
homogenized, "isotropized", quasi-stationary and associated
with a single large scale motion. In forward scatter exper-
iments, the question whether the statistical sampling along
the path of the beam of a given wavelength corresponds to the
theoretical model remains uﬁénswered, With other causes of
electron distribution irregularities besides_turbulence (dif-
fusing meteor trails, wave like motions) it doesfnot appear
surprising that theoretical speétra and those determined from
experiment dissgree. Ndr is it surprising that there is'no |
agreement amongst workers in the 80 - 100 KM region as to thé
interpretation of radio data in terms of the velocities of the
small scale motions.

It is hoped that the contents of this thesis will help to

resolve some of these anomalies in interpretation.,
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Before proceeding to a detailed discussion of the prob-
lems peculiar to the 80 to 100 KM region §f the upper atmos-
phere, a general discussion of atmospheric turbulence is per-
tinent. |

1.3 Atmpspheric Turbulence

In recent years there has been an increasing acceptance
by meteorologists of the view first put forward by Defant in
1921, that surface phenomené can be explained by an atmosphere
which is essentially a quasi-horizontal turbulent flow field.
Since 1948, when von Weizsacker and Heisenberg independently
extended the theory of turbulence proposed by Kolmdgoroff in
1941, considerable interest has been shown by fluid dynamic-
ists in small scale turbulence. In 1953, Batchelor published
his "Theory of Homogeneous Turbulence," giving a comprehensive
account of the modern theory of homogeneous, and, in most
applications, isotropic turbulence. Most of these amplific7,
ations of the Kolmogoroff theory werevapplied to turbulent ’
flows as encountered in aerodynamics and hydraulic laborator-
ies. Here, the turbulence scales were indeed small, their |
size beimg aictated by the dimensions of the apparatus. How-
ever, McCGready (1953) and Taylor (1955) were able to show that
much of this work could be extended to the investigation of
turbulent fields occuring naturally in the atmosphere. They

found that when autocorrelations in horlzontal wind velocity
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'icomponents at two points are measured in the lower atmOSphere;
‘kthey show the. particular dependehce on the distance between
:the two points which is characteristic of the inertial sub-
range of turbulence scales, up to unexpectedly large separat-
‘ions - oftén as much as several times the height.of observat-
:ion. | |
| The phenomena Qf the 1§wef atmosphére have been éummar—
‘ized by Sheppard (1959). 1In the lower atmosphere, the large
‘scale turbulence increases with height to the tropopause, and
then decreases, whereas the small scale turbulence (as meas-
ured, for example, on an aircraft accelerometer) decreases
‘with height to the upper tropopause, and then becomes more
constant. The pattern of convegtion is partly responsible for
‘the decrease with height of the'small scale turbulence. The
?Kolmogoroff theory is unable\toraccount for these changing
}relatioﬁships between largé and small scale turbulence, and
considerable caution must be exercised in inferring the prop-
ierties of small scale turbulence from observations only on the
ylérge scale motions,.

1.4 The Stability of the Atmosphere

As pointed out by Stewart (1959), the classical Reynolds
;number is rarely an important parameter in geophysical motions.
iBy and large it is stability that determines whether or not a

?givén region of the atmosphere is turbulent. It is most un-

i
[
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usual for the velocity gradient not to be.great enough to sus-
tain ﬁurbulence, althcugh,vof course, the %urbulent intensity
may be exceedingly low. Thus we may say that, if the atmos="
pheric region ﬁnder discuséion is unstable, or in neutral
stability on a large scale, turbulence will occur. ’Almoét
never will the velocity,gradieﬁt be so small that turbulence
is inhibited by too low a Reynolds number.

Intregions whére the structure is stable, as, fqr example,
at altitudes above the mesopause at approximately 80KM, where
ihere is the stabilizing influence of a positive temperature
gradieht,.the inhibition of turbulence is possible, although
turbulence.will occur if the velocity gradient is great enough.
The temperature increase with height will, of course, exért a
stabilizing influence only on vertical motions. Large scale
horizontal temperature gradients can and do ekist, giving rise
to geophysical winds that are predominantly horizontal. The-
magnitudes of these winds are of the o}der of tens of meters
'per second, and thus turbulence is expedted»to be a character-
istic of these motions. Because of the vertical stability,
the large scale eddies characterizing this turbulent motion
would be expected to be distinctly anisotropic, and this has

been verified experimentally (see Chapter 3).

1.5 Turbulence at Meteor Heights

To date, the application of turbulence theory to the
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atmosphere at meteor heights has met with only diffident suc-.

- cess. Some of the apparent inconsistencies are the result of

variations in the interpretation .of the statistical equations

of homogeneous turbulence, andifor‘this reason the derivation
of the relsticnships used in the reduction of the Adelaide
wind results is treated in some detail in Chapter II. The
main text of this Chapter is taken from the excellent exposit-
ion given b& Stanley Corrsin af‘the Symposium on the‘Fluid
Nechanics of the Ionosphere (New York, 1959). Material is
also drawn from Batchelor's "Theory of Homogeneous Turbulence™

(Cambridge University Press, 1953).




CHAPTER II.

Turbulence Theory

2.4 Definition of Turbulence

Unfortunately, there is no universally accepted definit-
~ion of turbulence. For the purposes of this thesis, a defin-
ition of turbulence givén by Stewart at the International
Symposium on Fluid Mechanics in the Ionoéphere (New York,'1959)
seems most appropriate.

"A fluid is said to be turbulent if each component of'the
vorticity is distributed aperiodically in time and space, if
the flow ié characterized by the transfer of energy from larger
.to smaller scales of motion, and if the meah separation of
neighbouring fluid particles tends to increase with time. This
definition excludes all two dimensionél flows, as well as, K such
phenomena as Vértex sheets, whirlpools, éonvection cells and
internél waves. "

The most commonly accepted criterion of the stability of
- fluid flow is the dimensionless Reynolds number, the ratio of
the inerﬁial forces to the viscous forces. If the viscous
forcéé'are of the order of, or exceed the inertial forces,

then any éluctuation of the mean flow will be quickly damped
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a |

out by viscous disgsipation. When the Reynolds number exceeds
a certain critical value, the fldw becomes unstablé for small
disturbances, and so a superimpoéed flow in the nature of a
fluctuation with characteristic velocity and dimensions is
generated.> AS mentioned in Chapter I, Section 4, the_éritical
‘value of the Reynolds numbef in the atmosphere depends not
only on the inertial and viséous fprces, but also on other
factors infiuencing the stability e.g. a positive temperature
gradient with height, which severely inhibits vertical motion.

Kolmogoroff (1941) applies the fluctuation principle to

each superimposed flow, so that with increasing Reynolds num-
ber each in turn becomes unstable, generating further disturb-
ances. At sufficiently high Reynolds number, fluctuations'of
vall magnitudes are present. Fufther, as the energy of the
 1arger superimposed flows paéses'down thréugh the sméller scale
:disturbancéé, the difect influence of the larger scales 1is lost,
jso that all scales smaller than a certain critical size have
:statistical properties which, to a large extent, are purely
:random. That is, these smaller scales are both homogeneous
and isotpopic.

2.2 The XKolmogoroff Turbulence Spectrum

This may be summarized as follows:-

1. The large scale fluctuations, which carryrthe turbulent

energy extracted from the mean flow. These are included
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in the inertial range of scales, the term "inertial" imply-
ing‘that energy is received from higher scéles and trans-
ferred to lower scaleS'wiﬁh negligible loss. e

2. The isotropic inertial region. If the Reynolds number

is high emough, a range of scales will exist at the lower
end of theiinerﬁial region which does not contribute to the
energy dissipetion, but has random statistical properties.
Such an isotropic inertial region rarely exists in wind tun-
nel and hydraulics experiments,.because the Reynolds number
involved is usually too low. However, one may expect to
find such a region in a turbulent atmosphere, |

%2, The region of viscous dissipation. The energy of the in-

ertial region is passed on to tﬁese smaller scale fluctuat-
ions, and is dissipated by viscous forces. The statisticai
properties of this state depend only on two parametes, viz.
€, the rate at which energy is handed down from the I
larger sealés, and | | | |
vV, the kinematic viscbsity, which determines the rate
at which the kinetic energy of the viscous scales can be

converted to heat.

2.3 The Turbulent Energy Spectrum E:

This is the most important property of any turbulent reg-
ioﬁ; ‘however, direct measurement of energies is usually not

physically possible, and therefore the energy spectrum'is
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deduced from the turbulent velocity and scale. To establish

the relationship between velocity and scale, use is made of

the spacial correlation function .

p(€)= u(x) ulx+g)

2.3.1
where u(x) is the turbulent velocity at x, and u(x+£) the
Aturbulént velocity at a point distance § from x. The bar sym-
bol denotes an average taken over a time large compafed with
the time constant of the turbulence scale characterized by)k.
This time constant or characteristic time of a turbulent flow
field is the time taken for the turbulent energy carried by
1the large séale fluctuations to be passed down through the in-
‘ertial range and finally dissipated in the viscous region.b
Note that gL ts compounded from turbulent velocities only;
‘all mean flow and shear components must be subtracted from the
measured velocity to define the ¥ field. The energy density
;Spectrum_is the Fourier transform of the spacial correlation

function, taken over ail real space. i.e.

- C () 34 /ffm#(§)e(%i('c°§))dv§(§)

2.3, 2
Here, the spectral density has been'defined in phase
space of dimensionk . It is often convenient, in theoretical

arguments, to refer to the energy associated with an eddy of
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size K"V (Dimension of length in physical space). In the term-
inology of those working on problems in tufbulence, an eddy
simply means a vblume of fluid moving more or leéess coherenti&y
with respect to the mean flow. The eddy motion need not be,
and usually is not of a rotating character. The term eddy can
’frequently'be inter-changed with the more cumbersome expression
"scale of motion".

2.4 Practical Correlation Functions

In experiments conducted on turbulent flow fields, it is
usual to employ the one dimensional lateral and transverse
correlation functions £(&) and g(&), relating to the turbulent
velocity coﬁpdnents parallel and pérpendicular respectively to
the separation §3 where & now becomes a one dimensional length:

By definition

) u(x) u(x+§) |
g(&) = o
Fereea | 1

where u are turbulent velocity components measured normal to

.§.

The accuracy of such a determination for a given § is

given by

1=
og = (n-1

where n is the number of veloeity pairs having separation &.




1-0
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§

FIG.1 - GENERAL SHAPE OF CORRELATION CURVES.
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Similarly

v(x) v(x+E)

€ = [§g(x)v2(x+§i]j%

2.4.2

for the components ¥V parallel to &. |
Thé form of'these correlation functions is shown graphically
in Fig. 1.

For these’spacial correlation functions to be readily
applied, certain restrictive conditions arevneéessary. The
definition of g(&) confines the turbulent velocity vector only
to the perpendicular plane, and so the transverse correlation
assumes specificity for random sampling only if thevturbulent
field is isotropic. If thé direction of & is fixed 1n space,\

two dimensional isotropy will suffice. 1In isotropicvturbulence

1 ‘ 1 ‘
, 2 7z
[;?(x)u?(x+§)] = [éz(x)vz(x+§)] J
_ : : 2.4.3
= 0%,
Uois the welocity characteristic of the energy bearing eddies.
The introduction of the equation of continuity for incom-

pressible fluids leads to the relation

8(E) = £(5) + 3655
| 2.h.4

between the functions L andg,
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or, if the turbulence is isotropic in two dimensions only

 sr

g(£) = £(€) '+ 5%5
‘ . 2.4.5
[von Karman and Howarth (1938)]

From 2.4.1 and 2.4.2, we have for isotropic turbﬁlénce

£(0) = g(o) = 19

E— : , 2.1.6
this being the maximum value of £ and g
1. e. | ) -
of - 1221 .
] -] -e
§=O ‘ §=O 2’14.7

2.5 The Characteristic Dissipation Length A.

Expansion of £(§) in the neighbourhood of &=0 in the form

gof a Taylors Series yields

4

£(E) = 1 + L2688 + o(&)

, 2.5.1
where the dash symbol denotes differentiation with re-

spect to§. Since the dimensions of £"(&) is L2, it is com-

‘mon practice to introduce the length A, called the character-

istic dissipation length, and defined by

fo ==~

" Thus 2.5.1 becomes
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£(€) = 1 -z £

2.5:2
in the neighbourhood of £=0.
Similarly, from 2.L.l, |
2
(&) =1 ==z 8"
2.5.3

near £=0.
The significance of the parameter N, which is a measure
of the energy characteristic of the large scale eddies; is
treated in more defail in Section 7.

2.6 The One Dimensional Turbulent energy spectrum E.

Using the one dimensional length &, we_ﬁay formulate a
one dimensional energy spectrum equivalent to 2.3.2, using £(§).
and,g(ﬁjbas the velocity'COPPelatioﬁ functions.
Since- |

£(g) = MEL

o

the longiltudinal one dimensional spectrum function becomes

o]

B(k) = g=| U£(£)cos(k.8)ag

=00

2,6.1

where K now defines a one dimensional phase space.




E(k) Energy Spectrum

\-

|

Ko . ~—inertial and——{ {
Isotopic K*

purely<__+_> mixed inertial
inertial

and viscous

FIG.2 - SPECTRAL RANGES !N TURBULENCE OF

MODERATE REYNOLDS NUMBER.

9l
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Similarly, the lateral one dimensional spectrum function

is

o .-

B (x) =§-3-,-[ Wg(S)cos(x.£)ag T
2.6.2
The form of the one dimensional energy spectrum for mod-
erate Reynolds number is shown in Fig. 2. The peak of the
curve occurs at K=Ko, and this is the characteristic scale of
the energy bearing eddies. G. I. Taylor has defined the size
of these energy bearing scales in terms 6f thevcharacteristic

integral scales

_ . ; .
Lo = - [ w(glas
IJQ

o
Inserting £(&) and g(&), with regard given to 2.U4.4 we

have
[o0) oo

Lo = [£(&)as = 2| a(g)ag
° ° , S

' 2.6.3

Thus an alternative definition of Lo is that it is the

maximum seale over which velocities are appreciably correlated.

Batchelor (1953) has shown that 2.6.3 can be expressed as
oo

K E{k)ax

3w 0
= =

/mﬁ(x)dm .

(o)

Lo -

=1

which raticnalizes the term "average eddy of size x '" as used
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by fluid dynamicists.
At the other end of the turbulence spectrum, at extremely

large K, is the region of viscous dissipation. -Kolmogoroff

‘has defined K » the characteristic eddy of this region, as

1 : |
/c*=l}§{l4 | o |
v . 2.6.4

~This assumes that at this charaeterietic eddy size all
‘the energy transierredwfrom the inertial region is being dis-
sipated 1n purely viscous forces. In physical space, the size
;of the characteristic eddy of the Kolmogoroff microscale is
denoted by B (ﬂr 1).
| If the lower boundary of the mixed inertial-viscous reg-
?ion is‘at very large Kk, there may exist a region both inertial
5end isotroéic. For such a region Kolmogoroff postulated that
E(m)depends only on the rate of energy flux through that part

of the spectrum. This must equal the total_dissipation rate €.

The only form dimensionally possible is

2 >
E(ic) = aedc
2¢ 605

where ¢ is of the order of unity.

AN

Laboratory experiments indicate that this law holds up to

wave numbers about as high as

J‘

§, - . Kllm 0.2k 4 | 2.6.6
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If the acﬁual spectrum at extremely high Reynolds numbers

is replaced by a purely inertial spectrﬁm as defined (equatioh

2.5.8) truncated at ko (= Lg') and at x* (=1 1>5Lot) the total
dissipation '

(2]

€ = 2v/ K E(k)dx
o . 2.6.7
can be estimated as |
]
K
2 T
€ 2ave:3j K3
Ko '

: <) i o
Neglecting ko relative to & 3 we have
o~ 2

This paradoxical estimation qf,dissipation from a non
dissi.pativie form is justifiable as long as the true E(x) de-
creases sufficiently rapidly for K>K}s

Having determined the form of E(x) for the inertial ranée
of eddy sizes, the form of the correlation function appropriate

to this region can now be established.

‘Since
1 002 |
5(c) = zp[ Ubz(£)eos(ie.S)ag

=00

(equation 2.6.1)

it follows that
£(8) = »mf B(cc)cos (,£)ag
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‘which is, on substitution of. 2.5.8 with a=%,

b
S 2
2= /K—GCOS(K@f)dJC
Usys.

Ko

£(§) =

‘and has a solution of the form

is

oljo

1 -12(8) = ag
2.6.8

where a is a constant.

Introductipn of the relations

g(&)

]

£(8) + 458
(equation 2.4..4)

yields

lg(§) =1 - %ag’

for three dimensional isotropy, or from 2.4.5

2

g(g) = 1 = Jag?

\

if the turbulence is isotropic in two dimensions only.

The ratio
Jm:mi;(g%
1T = g(&

thus 0.75 or 0.60, according as the turbulence is two or

2.6.9
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three dimensionally isotropic.

2.7 The Rate of change of Energy €.

and Howarth (1938), Batchelor has shown (1953) that the rate
of change Qf energy

3
A

€= "3t

15vU%f = = 15vU%/N
2¢7s1
The proportional rate of decrease of energy is

»diF

A = - 0w/

whence the term "dissipation length parameter" for \.

2.8 Turbulence Reynolds Numbers.

For the isotropic inertial region there are no character-
istic mean flow Velodities‘or lengths, but a turbulence Rey-
nolds number.may be defined in tgrms of turbulepce parameteqs.
This will be of assistance in determining the ségles of the
viscous region, sinée, in the Kolmogoroff theory, the smalief
scales see the larger scales as a form of mean motion.

A turbulence Reynolds number due to G. I. Taylor is

v RN = UOV'I) . .
S 2.8.1

whefe Upis the velocity characteristic of the energy
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bearipg eddies, and N is the dissipation length parameter.

2.9 The Relationships between Eddy Sizes.
From 2.6.4

— -

-+

€ 1
Substituting for e from 2.7.1

T ]Z
PN 15{3“”5“‘?

In terms of the Reynolds number Rh’

0.5

n_ -1 ~
.= T 2T, ~
AITRE RyE 2.9.1

A relation between N and the energy bearing eddies L,

(=50 ) can be calculated from the energy spectrum E(x), using

a method similar to that employed in the'detéfmination of o
(equation 2.6.7 et sequ.).

The total energy

[2e]

50 20902

\,;:‘
[N

Substituting 2.7.1 for ¢, and neglecting & ° relative to

Ko * gives

8
Lo By

2:9.3
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2.10 The Relationship Between Velocity Differences and Sep~-

aration in Isotropic Turbulence..

Since velocity differences areAthe most easily measured
parameters of a turbulence spectfum, éome knowledge of their
behaviour with sepayation is advéntégeous.

| Batchelor has shown (1953) thaﬁ, if there exists an iso-_

‘tropic inertial region, then in that region

(=88 -~ w i F= b 300 1 - Sy,

~ _ i

This may be written

oo ,
[u(x+§) - u(X)]2.=:uj‘E(K){ 1 - Eiﬁégﬂil}wc_
| | co e 2.10.1
where the bar symbol now denotes an éverage OvVer a timg
large in comparisbn with the time coﬁstant of the energy. bear-
ing eddies.
| The integrand is suppréssed by the smallkvalue of
v '(1—§££§%ﬁ§% when K=icg , and is suppressed by small E(x) for
K2K$. The behavioﬁr is thus dominated by the inertial range

Cof ¥ yoand thus we may write

[almd) = aGIF = b §e573 1 - 2Elac




- 9/5[ r(é—)[eg]%] |

2
= 3.2(e§)*
i.e.
> 2
[ux+£) - w(x) P = 3.2(e8)°
) R 2.10.2
In terms of the RMS velocity differences?@@
' 1
— 1
AV = 108(€§) 2.10.3

2.11 The Time Dependent Velocity Correlation IFunction.

In the single station work of meteorology, the time éor—
' re1atibn function g(ﬂﬂ‘is a more convenient quantity than the
spacial correlationg(g). - |
By definition, the autocorrelatioﬁ fungtion
v(t)v(t+7)
v (%) o 2.11.1

g(7) =

and similarly

u(t)ult+er)
£(7) = ==
o (%) | 2.11.2

where v and u are the NS and EW cémponents reépectively of

the turbulent wind.
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The ecguivalence of the spacial and time correlation‘
functions has<provided sbme contentious arguments in the
past, but thé ekperience of meteorologists has been that the~
equivalence is éstaﬁlished for regioné sufficiently removed
frbm the effects of drography, and Hutchings (1955) has dem-
onstrated this from radar-sonde balison,readihgs taken in the
upper levels éf the lower atmosphere in New zealand. |

‘A similar power law relating the Bulerian time correlat%
ion functicon and the time of measﬁrement\as that determined
for spacial correlations and separations has been verified by

Hutchings, viz.

(80N

1 - £(7) av‘ T

2.11.3°
L\This relationshipvassumes, however, that the turbulentl'
velocity is small in relation to the yelécity of the mean i
flow. By a cénsideration of the one dimensional model of
small scale'furbulence suggested by von Weizsacker (19u8).
(reproduced in Section €), Ogura (1953) has shown that, in

‘the range where the space correlation is given by 2.6.8, £(7)

may be expressed in the form

4 =7 ~ TR
(T} 5 2.11.4
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m being a complicated function of the mean flow U and RMS

l 1 ‘ .
turbulent velocity [V 12 in the direction of the mean flow.

For .
g >>> [u2 ].5 . m = %
and for 3
JU << f;;l% m = 1

Either £(7) or g(7) may be used in the relation 2.11.4,

the general equatlon being written

1 - R(7)~ 77
2-1105

;2.12 The Ricﬁardson Number.

| in well‘deyéloped‘turbulénce, the gas is influenced by a
iforce arising from instability associated with fhe velocity
jshear.

This yields a turbulent velocity

whver'elm is the momentum mixing length.
If a small volume of air is brought up (or down) over a
distance lh by such turbulent forces, it will descend (ascend)

and arrive at its initial level with a terminal velocity

v, = const.l [:w“ _;i]
. h N h| 5%
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where © is the potential temperature of the gas.

For turbulent motions of this type to occur

,v2

szﬁ

ho
sk
A gemeralized Richardson number Ri = may be .postulated,

such that » : vz.
%
const.,-}l

£

Pfeee . 27w
o © (awan) =La1 ] ®

Ri

i

2.12.1
where Ri is the normal definition of the Richardson num-

ber.

4 * -7 \
- Turbulence will occur when Ri is smaller than some crit-

ical value.

Considerable simplification of the relation 2.12.1 re-

sults from the substitution

..1. .E?.i‘r:]:id@

T L an @ an

‘ C
wheref=7;’1—%&: ?=E£
v

and # is the molecular weight.
For a dry atmosphere at sea level Ix 9.9x10"5°K/cm,and

is somewhat less at 100KM. The precise value is not critical4

in this discussion.
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In practice,

e 1 2 g ' - -2
o Pera av
wte[e T80 (8]

Theoretically, one expécts turbulence to occur fdr
-Ri*< 1 . In the copious literaturé on this subject,-valueé
i_from .04 up to 1;07have been quotedj the lower values ﬁsually
assume that the momentum mixing length 1m is equal to lh’
which is the characteristic size of the eddies arising from
the Richardson type instability, In the theory of homogen-
eous turbulence, the analoéue to the momentum mixing'length

is the characteristic dissipation length A; thus

' 2 ,, o - =2
%

2,13 Turbulence in Shear Fibw.

As has been mentioned previocusly, the meteor region of
the atmosphere is stabilized by a positive temperature‘gfad-
ient With height. Such stabilization can produce a stratif-
ication of motion, énd this in turn can give rise to sheagv
flow. Some knowledge of the‘modifications of the theories of
homogeneous turbulence in the presence of shear could be use-
ful. |

Tchen (1954) has investigated the turbulent spectrum

associated with shear flow, and his findings may be summarized
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as follows:-
For small shear fields, the one dimenslonal energy spec~

trum in wave number space is of the form

' 3
Bl ~ &3

2.13.1
and for large shear
E(x) A P
f , 2.13.2
The spacial spectrum EB(E) thus follows
LR i
E(S) v &° |
| 2.13.3
for small shear,
and
E(E) ~ 1nk
e S
2.13. 4

for large shear.
If no preferrential direction is prescribed for &, then
for small shears the spectrum is usually given by the Kolmog-

oroff isotropic relation

‘,E(K)}v K“%
(2.6.5)
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i.¢.

26135
If & 1s the direction specifying the shear, ( a vertical
shear is defined as a variation Qf horizontal wind velocity
with height ), then, for small shear, 2.13.1 and 2@ﬁ3a3 apply.
RFor large shears, the relations 2013.2 and 2.13.L are

appropriate for all &,
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CHAPTER III. .

Measurements of

Atmospheric Turbulence at Meteor Heights

3.1 General

The first attempt to apply the Kolmogoroff Theory to
turbulent motions in thé meteor region was made by Booker'in
. 1956. The results as presented (Booker and Cohen, 1956) were
not in acecordance with the known behaviour of metebr trails,
and the paper contributed little if anything to the under-
standing of this region. However, it did stimﬁlateAthe-in-
vestigatiﬁn of turbulence'at‘these heights, and resulted in
papers by Manning (1959) and Greenhow (1959) which provided
an adequate gqualitative treatment of the motions of meteor -
trails subject to random winds, A paber by Greeﬁhow and '
Neufeld (1959) on work carried‘out at Jodrell Bank detailed
the results of a spaced staﬁion radar survey of wind velocity
differentials measured from the drift of meteor trail‘ioniz-
ation. (For details of the spaced station technique, see
Chapter VII). However, several anomalies exist(in this paper,
and the value derived for €, the turbulent dissipation energy,

is almost an order greater than that determined from rocket
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and photographic meteor data (see Chapter XII). Their work

is, however, worthy of detailed consideration, especially
that portion dealing with the larger scale motions.

3,2 Discussion of the work of Greenhow and Neufeld.

The analysis of velocity correlations in this paper is
not particularly rigorous., Because of the limitétions im=-
.posed‘by station éeparations the maximum height difference
observed was L.5KM, at which value the correlation function
relating the transverse turbulent velocity to height separat-
ion fell to 0.22 (see Fig. 3). The curve is then extrapol-
ated to»zero at 6.5KM, this extrapolation being jusﬁified by
Greenhow and Neufeld from results pﬁblished by Liller and
Whipple (1954), Fig. L, which show loss of correlation be-
tween the horizontal velocity of points separated by some
6 - 7Kl in height. Figure 5 is an actual photograph of a
trail undergoing distortion. However, in general the zero of
the transverse correlation does not determine the scale for
which velocitiés are no‘longer correlated.. A measure of the
- separations over which velocities are appfeciably correlated

is given by equation 2.6.3, viaz.

o0
L. = 2/ g(Ah)dAh
P o ‘
(using Greenhow's notation)

From the theoretical shape of the transverse correlation
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curve (see Fig. 1), the area.under the curve up to fhe Zero
value is &an upper limit of the scalé of appreciable correlat-
ion. By graphing the transverse corfelation function of Fig.
3 on squared paper, and counting squares to determine the

area under the curve

6.5::105

5
2[ g(th)ash = 5.0 x 10 = 5 km,
(o] .

This upper limit of appreciable correlation is in keep-
ing with the zero correlation height difference of‘6 -7 KM
found by Liller and Whipple., Thus although the scale deter-
mined»by the zero of the transversé correlation function is
not justifiabie on theoretical grounds as the scale of zero
velocity correlation, it'does appear to be a usefulrindicat—
ion in this particular application.

The turbulent velocity cofrelations as derived by Green-
how and Neufeld are not characteristic of the complete flow
field, but of the 6KM scale only. To allow for the prevail-
ingvaﬁd periodic motibns of the atmosphere, the mean horiz-
ontal windbduring any hour was obtained by averaging approx-
imafely 100 individual velocities obtained each hour. The
turbulent component for echoes in that hour was obtained by
subtracting the radial component of tﬁis steady wind from

each individual echo. One of the restrictions placed on the
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Photograph of a meteor train taken
about 60 seconds after passage of the meteor.
Length of train approximately 19°. Photo by F. L.
Trube, May 3, 1939.

FIG 5
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‘spacial correlation function g(g) is that the turbulent vel-
ocity components must be averaged over a time large in com-
parison with the charaéteristic time of the energy bearing.“”
eddies. Greenhow and Neufeld determined this time constant
to be 100 minutes (see Section 4 this Chapter). Their averag-
ing interval for mean fiow determination is obviously too
smail, and the correlation function thus determined is not
characteristic of the cbmplete‘turbulent flow. This accounts
for the marked effects of the height corrélation on the spac-
ial function. |

If the correlations of Fig. 3 are graphéd according to
the relations established in Chapter 2 Seétibn 1 |
' viz. _ | |

1 - R(E) against &
Fig. € results.

Because of the anisotropic nature of the large scale -

P
]
/

eﬁdies, the spacial correlation, parameter VI=£ of which coﬁ-

tains components of the horizontal, exhibits the anomalous

slope of 1; linear extrapolation of this portion of the

curve to “zero correlation" (1~R(§)=1) yields a scale of 7KM.
" The correlation against &h, however, exhibits the

slope characteristic of the inertial subrange of the Kolmog-

voroff tur%uléﬁce spectrum. Extrapolation of thls line to

"zero correlation" yields a vertical scale of 6KM.
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" At separations less than 1KM, the slopes of the cbrrel—_
ations change markedly. This breakdown could be explained as
dﬁe fo the onset of viscoué dissipation at scales less than““
1KM. Sinece from hydraulics and wind tunnel experiments the
spectrum béhéviour of the inerﬁial subrange can bé expected
to hold dewn to scales five times the characteristic eddy
size of the Kolmogoroff microscale (equation 2.6.6), this
would indicate a minimum eddy’size
' n = 200 metresg
The error associated with Greenhow and Neufelds' determ-
ination of g(0) is of the order of 0.01. This limits the
accuracy of direct determination of the smaller scales to

some 140 metres.

3.3 Richardson Type Instabilities.

Another explanation for the inertial subrange breakdown
at 1KM is the extraction of kinetic energy from the turbul-/f
ence and its conversion to potential energy by bduyancy“
forces as suggesﬁed by Bolgiano (1959). 1In this, the gener-
alized Riehardson number of Chapter 2 Section 12 is the rel-
evant parameter. ‘

Since the height correlation function appears to follow
the Kolmogoroff spectrum, the fitting of a parabola of the

form .« © g(§) =1 - &/¥
i - (equation 2.5.3)
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to the correlation curve in the neighbourhood of S =‘O should
yield a dissipation length parameter A}characteristic of the
vertical scale of turbulent motion. The value of the dissip-
ation length thus determined is

N = 1.4 KM

Substitution of this value in equation 2.12.2, viz.

dT o T aF -2
,5-—— dh
using the ARDC (1959) Model Atmbsphere in determining T,

gg and T and taking Greenhow's figure of 10m/sec/km for <= dh

JE

yields

ot F
For Ri <1

1h < 700 metres
i.e. the scale of eddies arising from Richardson type‘
instabilities is less than 700 M. ‘PFurther comments on this
value in relation to the small scale turbulence appear in
Chapter{IX.

2

3.4 The Large Jcale Irregularitiés.

In determining the size of the large scale eddies,
Greenhow and Neufeld (1959 a) used the single station time

correlation function:




T
v(t)v(t+7)
vi{t)

g(m) =

Their results as published have been regraphed according»

to the relation | |
1 - R(1)~r 7
| (equation 2.11.5)

The best least séuéres £it line to these points (Fig.7)
haé slope 0.66;'indicating a turbulent velocity léés ﬁhaﬁg
that of the mean flow (see Chapter 2 Section 11). Tﬁis is
not readily explained since, according to Greenﬁow and Neu-
feld, "theré was no correlation between the RMS turbulent -
velocity for any hourly inﬁervél and the mean wind speed or
mean height gradient in that interval, turbulent velocities
of up to LOm/sec belng measured even when the mean wind spegd
was zero. " Further comments on this ihrthe\light of measuré-
mehts made at Adelaide appear in Chapter IX.

~From the RIS turbulent velocity, measured as 25m/sec;
and the time constant of 6 X 10° secs (being the time of
"zero correlation"), the scale of these eddies is given as
~some 150KH.

From several timeAcorPelations plotted from data obtained

over several oLy and 48 hour periods, a minimum scale of 60KM
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and a maximum of 250KN was observed. (Greenhow and Neufeld,
1960). These larger scales are given further consideration in
Chapter IX. . | -

3.5 2ddy Diffusion and Photographic Meteors. -

The effects of eddy diffusion on meteor trails at heights

above G0KM havé been iqveétigated by Greenhow by using visual
and photographic obserations summarized4by Millman. The
trail radii, defiﬁodvas the standard deviation r of an assumed
Gaussian distribution of intensity across any diameter, were
estimated by Greenhow and compared with the theoretioal Var—
iation of r for various values of ambipolar diffusioﬁ and eddy
diffusion. The behaviouf of such diffusion of trails has

been adequately summarized by Booker (1956) as follows. Im-
mediately after trail formation, dispérsion prooeeds under

the influence of ambipolar diffusion, given by

where D is the ambipolar diffusiocn coefficient.
After a time t;, the time constant of the characteristic
eddy of the Kolmogoroff tufbulence spectrum, the trail radius

increases as
1‘2 == %6133

up to a time t2, the time constant of the large scale

turbulence. After > the radius once more increases in the

\
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manner
rf = uDet

where D, is the eddy diffusion coefficient.

De‘='VL, where V and L are the velocity and scale of the
large scale turbulence.

Miliman's results graphed by Greenhow accbrding to these
relations are shown in Fig. 8. AG is the expeéted growth of
trail radius under the influence of smbipolar diffusion alone
( D= 4 X 10%sq cm/sec at 90 KM). The measured values of I
shown on the figure lie about the line EF, for which r®=%e¢t®,
and correspond to & turbulence power of only 70‘ergs/gm/sec.,'
They give a value of 30 secs for the time constant of the
small scale turbulence, far ih excess of the value of 0.4
secs determined by Booker and more in keeping with the ob-
served behaviour of radio echoes from meteor trails, which
often endure without any observéble distortion of reflectioﬁ
for periods of several seconds.

The value of € thus determined is an order smaller than

that determined by Greenhow from spaced station observations

of meteor trails.

3.6 Rocket Reéults.

From photographic observations of the diffusion of sod-

lum trails ejected from a Veronigque rocket, Blamont and De




L6

Jager (1951) calculated by similar means the turbulent dis-
sipation € to be approximately 70 ergs/gm/sec below 102 KM.
Abeve~this height, the observed diffusion was found to be
completely explained by molecular diffusion. Height strat-
ification of atmospherie motion with dimension 6 KM was also‘
in evidence, the Qbserved winds being predominantly horiz-
ontal, with a vertical maximum of #*10 m/sec.

Groves (1959) and Rofe (1961) have carried out similar .
experiments at Woomera, with both sodium trails and grenades.
The work of Rofe is of particular interest in that small
-scale vertical.motions are clearly indicated (Fig. 9a). The
presence of such vertical motion is of prime importance in
the explanation of anomalies arising from the application of
the‘KblmogoPoff theory te small scales at me teor heights

(vide Section 3 this Chapter, and Section 5 of Chapter IX).

;;~§L7 An Examination of Velocity Differentials with Height.

| Zimmerman_(1962)_has applied Tchen's theory of shear
turbulence to the results'ef‘the velocity/ height different-
ial analysis performed by Blamont and De Jager (1961) from
their sodium trail experiments. Egcellent agreement with the
Tchen modifications cf the Kolmogo;off theory was obtained.
For preferential specification of & as z, the sodium trail

% data gives &
f ) E(z) ~ 2z°
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up to 6KM height separation, and

E(z) ~ 1n =

for separations greater than 6XKM. Zimmerman reforms the
height differentials to make the separation & isotropic, and

finds a Kolmogoroff spectrum
, 2
E(§) ~ &3
pertains up to 6KM séparatiod, with again
CEB(E) A 1n ‘%

for separations greater than 6KM. |

Thus the Blamont / De Jager measurements at 80 - 100 KM
are.applicable to a region of small shear at separations up
to 6KM, with’large.shears Qredominating at greater separat-

ions.
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CHAPTER _IV. L

Radio Reflections from Meteor Trails

Before the applications and limitations of radio methods
of meteor tracking as used to determine atmospherié motions
can be fully appreciated, the mecﬁanism of refiection must be
understood.

L4 Hisﬁoricai

When the serious study of the ionosphere began in about
1925, it was discovered that, in addition to the ionization
produced by the uitraviolet radiation-of the éun, subsidiary
sources must exist, particularly in the E region where ab-
-normal iﬁcreéses in ionization occurred during the night.

Skellett (1931) suggested that meteors might be respons-
ible, at least in part, for the E layer anomaly, and, togetﬁer
with Schafer and Goodall (1932) carried out pulse type sound-
ings of the ionosphere during the Leonid meteor shower of
1931. Their results showed that E layer ionization was in-
creaséd during meteor showers, and that transient increases
of up to a few seconds duration sometimes accompanied indiv—‘
idual meteors.

In 1941, Chamanlal and Venkataraman in India reported
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weak whistles on an unmodulated 7 MCS carrier received at a
site locaped some 10 miles from the transmitter. Thesé
whistles lasted approximately a second, usually descended in
pitch, and coincided with visual meteors.

With‘the advances in radio technigues made during the
war years, it was possible,'in 1945, to begin a systégatic
i_study of radio reflections from meteors. The pioneering work

in this field was carried out by Hey and Stewart (19&7) using
a militar& disposals radar equipment operating on a freguency
of 70 MCS. By 1949, radio observations of Meteors were being
carried on at Manchestef (Lovell, Clegg, Aspinall, Almond,
i Davies, Ellyet), stanford (Manning, Villard and Petersen) and
Ottawa (McKinley). ‘ |

More recent developments in this field have already been
discussed in Chapter III, and a detailed account of the Adel;
aide work is given in Chabter VI.

Thé’theoretical discussion which follows 1s due to

| Herloffsen, Lovell and Clegg, and Kailser.

4.2 Theory of Trail Formation.

Because of its high velocity, a meteor inrorbit has an
energy of the order of Severai hundred electron volté. As the
~meteor enters the upper atmosphere, collision with air mol-
~ecules results in the transformation éf some of thé kKinetic

| energy of the meteor into heat. The ionized trail is produced




| 51
in uhe 70- to 120 km height range by evapouration of the
meteor, molecules leav1ng the meteor at thermal velocities
relative to the meteor of the order of a few electron volts.

( Herlofxsen 19g8 )

The rate of evapoufation is given by

e vt et [ 45 ]
n= (U m v cosXx -3
- Pnax Phax u.2.17

where ‘
n = number of meteor atoms evapourated per second
m = 1initial mass of the meteor
B = mass: of an individual meteor atomf
v = meteor velocity .
"H = atmospheric scale height )

= atmospheric pressure at point of max. rate of

Pnax

' evapouration
P = atmospheric pressure at point Where n occurs . I
X = zenlth angle of the meteor radiant

( Kalser 195&,)

The electron line density a produced by the meteor is

pn .
“="5 | he2.2

‘.luwheneéﬁwisvthewpndbability“of.a_single evapourated meteor

atom giving rise to a free electron,
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Substituting forn

B D . ® 72
o = m cosy — l: 1 -1 { . } ] v
HH Prnax pmax 4.2.3

Visual meteors have o > 10" glectrons per centimeter.

At formation, the diameter of the trail is of the order
of 10 - 100 cm, being a function of the mean free path.

4.3 Decay of Ionized Trails.

After formatioﬁ;vfhe trail decays under the influence of
diffusion, recombination and attachment. Diffusion is the
most important; recombination and attachment only assume‘sig—
nificance for long duration'echoés. | |

Radial ambipolar diffusion leads to a Gaussian electron

density distribution at time t of the form,

L
a Dt
n, =~ e _ o
LaDt . : bh.3.1
Where
o = initial line density of ionization
D = ambipolar diffusion coefficient ( D=2D, . )
ionic

r = radius of the trail.

h;u Scattering of Radio Waves‘by Meteor Trails. The Radar

case.

' Thé classical theory of . reflection from meteor trails is

that due to Lovell and Clegg (1948). . This was subsequently

N,.M\«wm,w,.‘,,,




amplified by Kaiser (1955).
The non-relativistic scattering cross section for a

single electron is given by

,8%[?2 ]2
0‘:’“‘3’*‘“ *’“;
L mc

Bach electron behaves as a hertzian dipole, with power
gain 1.5 over an isotropic radiator. Thus the equivalent

echoing area per electron

- [m@,im 2

me®
For an element of trail length 4§, electron line density
o, the echoing area becones

' 2
dA:L}.’IT["'Gfmg*d ::Ll.'ﬁ'[

me?

o2 2 '
~:|oFd§Q
ne?

If E% is the power output of the transmitter in watts, G

the aerial power gain over an isotropic radiator in the direct-

ion of the trail,R the range of the echo and A the wave- /

length, then the received echo power from element 4 is

P,tGQ?\""»
p =TT dA watts
()’ r*

2
PN

i

ap

il

&
hal =% | o A% watts

me?

6La° R*
' Thé total reflected power from the trail is given by

integration of the contributions from all 4§ with regard to
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the phase of each, and is given in terms of the Fresnel in-
tegrals ¢ and S.

Total power’of the echo received from thé trail is

where C (§) and S (§) are the values of the Fresnel

watts.

integral over the complete trail, whence

PtG N3 62 2 -
P, = : :] o® watts
3257 R° 2
since
2 g
cL(6) + 8L(§) = 2
or
| 08 &N
= 3.3 x 10 o? watts.

Lolye
If separate receiving and transmitting aerials are used

(as, of necessity, in the CW method)

28 P LG, G %?"
= 3,3 x 10 I? L o watts.

~) L-!».L-’OQ
An alternative form of this equation, which is more
réadily applicable tb the consideration of the paftly formed

trail, was obtained by Kaisér by postulating a reflection




coefficient g = g(§)3i¢, where & is the trail length para-

meter measuring the distance of the meteor from the to O

specularly reflecting point, and ¢ is the phase of the re- -

flected wave, such that equation 4.4.2 above becomes

P ee) 7\3 : N
P = bty _

' 3044R,°

Before proceeding further, it is necessary to differ-
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entiate between the two types of trail reflection, viz. that

produced by underdense and overdense trails. These types are

in practice recognized by their echo durations.

4.5 Echo Duration.

Radial diffusion of the trail (Section 3) produces a

trail radius r tending to and then exceeding the transmitted

wavelength?\. The received power from such a»trail is pro-

gressively reduced by interference, and the echo decays ex-

ponentially with a decay time (duration)

N ,

T

where D is the ambipolar diffusion coefficient.

J

-1

- This is the typlcal decay pattern of underdense trails.

If, however, the initial trail electron line density exceeds

a certain critical value, reflection will occur from the sur-

face of an expanding cyclindrical column, and the echo will

\,
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- persist until the electron line density falls below this

critical value, when the echo will decay exponentially as

~ before. Kaiser and Closs (1952) determined this critical

electron line density to be approximately 2.4 X 1012.elec-

trons/cm.

Ifa << 2 x 1012 electrons per cm, then

‘ _ o2 ~L k2 Dt

21 ' L.5.2
k = o :
for a fully formed trail.

4.6 The partly formed trail.

If, however, the tréil is only partly formed, the re-

flection coefficient is given by

§ e
g(8) = G]‘ F(x)exp [}ﬁk[g% + 2(§ = x) %}] dx
~c0 . L.6.1
where& = vt (t = 0 when meteor is at the specular
reflection point ¢, )
P(x) = reflectién coefficieﬁt of the trail when meteor
is atx relative to the to point
u(x) is the line of sight wind component
Ro is the range of the %o point

V is the meteor velocity

and k = g%éﬁ;before g  (xaiser, 1955)
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The constant C is chosen so that when F(x)= constant,
U ='0 and &ew s & = F = value for infinite column of ioniz-

ation (equation 4.5.2) ' ' P

G = I:Rg :]‘gzei’”/’—l-
0

,.7 The éffect of wind shear on reflection.

i.e.

In the special case where F = cdnstaht, u = u + u'x
(mean wind plus constant wind shear of gradient u'), and put-

P
ting ¢ = EE;BQ-, equation 4.6.1 reduces to

4. 4,”. :
2(1=4)2 exp‘: i{ K~—a}] 1(v)

| PV i
I(V) = [ e dav

0
Py
M
g
i

L;-791

whe re

i.e. Fresnells Integral

This has splution

2~ 4 ZUORO
T v t- N—
Y -.[ R'o?\(’l-—(s\)]? [: V2 (2"‘(5‘)]

u»?-z
‘ 24 822 Ro U.o2
0 = k_{ ot ( > = = k‘}
N =6 L(1-8)Ro (1=6) +v°
| 7.3

The phase shift

. _ O PPy
0. = Xk [‘uo{ 1m§} - 2(1m6)Ro] _‘ L.7.4
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corresponds to an apparent time dependent drift vel- .
ocity.
When compared with the phase 6f the transmitted wave,
the reflected wave will produce a doppler beat of frequency

®

)

T =57

This beat results from the apparent velocity u, of the

o Uo(2-6) &2vP%
T = 5= = :
& "W 504m8)  W(1-6)Re

4.7.5
If u' =0 (i.e. uniform wind, no shear) then
§ = 0 and u, = Uo
i.e. the apparent line of sight drift velocity of the
trail is equal‘to the line of sight component of the wind,.
It should be mentioned here that the drift of the trail is
thaﬁ of the neutral air; At this height the influence of the
background ionization and magnétic field on the ionized trail
is negligible. |
If”§<<1 i.es 2u'Rpo<< v wgich is usually the case,

then equation L4.7.5 reduces to

u, = U - u'* Ryt

ba7.6
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By measuring velocities u; and u, at times t; and t, re-

Uy = Uz

I

"U.'zRo( 't; - ﬂja )

u, - s .

u = =
Ro( t7 = t2) \
This gives values of u' in cm/sec/cm. The conventional

|
spectively, we can find u' since . ’ '
units used are m/sec/km, and in these units

' Uy = Qp ) . .
a'? = - % 10° m/sec/kn. _
- RO( t] — t2) LL.?'?

whereu is in m/sec

and Ro in km.

The significance of this equation is best demonstrated
by considering the physical picture. Neglecting the trans-
lation due to the mean wind Qomponent,vthe effect on the trail
of a linear grédient u' m/sec/km (measured perpendiculaf to
and along the trail) is to cauée a rotétion ) such that

w=u'% 35" radians/sec

To Maintain specular reflectibn, the reflection point
will, in time t, run along the trail from R, to Rs, a distance
of Rowt (see Fig. 10). If the line of sight drift velocity is

Uy at Ry, and uz at Rz, then
Wy = Uy = u'Rowt = u'Ret x 107
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Direction
of
Reflection
Point Motion
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Wy = Up
Rot

% ,103
The rate of motion of the reflection point is given by

T = Rou{ x 1079 kilometreé/sec

A ‘ , 4.7.8

Rao (1958) and Rao and Armstrong (1958) coﬁsidered this
motion of the reflection point to be‘dependent on the rate of
decay of ionization aﬁ the reflection point (accompanied by a
shift of the refiection point tdwards the position of maximum
ionization & max.) The explanation presented here, which was
first proposed by Elford (1954) with different mathematical
reasoning, is considered to be more plausible.-

L.8 The effect of uniform wind and shear on the measurement

of to points.

The amplitude function for uniform wind (no gradient) is

‘uoRo

Kaiser. (See equation 4.7.2)

given by

At the tTopoint, if no wind is present, ¥ = O. However,
in the presence of a wind up, the measured value of t, is de-

layed By U
at' U, R,
o = Vz ' : )—-}98.1
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- If the one trail is being observed ffom three spéced re-

ceiving sites, the property of Specular reflection‘wiil as-
sign a‘different to point to each station (see Chépter { Sec-
tion 1). With a uniform wind, there will be a similar delay
for each reflection point, and thus no overall effect on the
time differences betweeﬁ'to'points at the different sites.

If, however, a linear wind gfadient is also present, then
_the line of sight component of the velocity will be different
at each t, point, and will thus produce a different shift in
each point.

This delay atreach'station is giveh by

Ry 1
Otog = 7

. U.QRZ .
Otos = 2 In practice,

uzR3

Rl ‘-’2 R;_) e Rsb‘l’z Ro

where Ui, Uz and uz are the 1ine of sight drift veloc-
'ities measured atto; s toz amito; respectively.

Thus the true time taken for paséage of the meteor from
tog to toz is ; ¢

u}RO UsRo
Dbo = At -~ 'V2 + V2

where A} is the measured interval.




l'e.
A . B
Dby = A -~ ?( Uy "‘112).
But
uy - Uz = u'vAb

whers u' is the wind gradient along the trail.

t

: U Ry
w{1- 5

where ¢ = 2u'Ro/v

', At

Bt

} =at (1= 6/2) L. 8.2

This is the same as the expression derived by Kaiser

(1955) for the time displacement for
trail X drifting under the influence
component u = Uo + u'x,

.9 The effect of wind gradients on

spaced stations along a

of a line of sight wind

the measurement of meteor

velocities.

As shown in 4.8, a uniform wind

dlsylacement of the echo, and not the ve1001ty measurement.

If a uniform gradient u' is present, however, then from

equation 4.7.2 the measured velocity

2 - &
2 = A
N G T

v { 1 m-gi} for

o=

i1

affects only the time

is given by

d << 1
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i.e. the effect i1s small and may usually be neglecfed.

4.10 Discussion.

The foregoing represents, of course, an idealized set of
conditipns. Traeil ionization is certainly not conétant, but
inéreases as the meteor descends through the atmosphere, |
reaching a maximum only a very short distaence before the
eventual completelevapouration of the meteor. Thermeteors
with highest velocities will, in general, ionize and disint-
1_egfate at higher levels in the atmosphere. Here, the diffus-
ion coefficient is greater, and the trail will therefore.
decay more rapidly. Because of this 11mitatioﬁkin available
recording time, there may be some exclusion of faster meteors
from our investigation. The siwple wind velocity correction
applied to t, measurements is also subject to the limitation
that wind gradients may not Eéklinear shears. However, in-

; clusion df this correction does reduce the scatter in radiant
| for known shower meteors, and is thus worthwhile,

Because of the pbssible motién of the reflection point

| along the trail in the presence of wgpd shears, a limit is
placed bn.the minimum useful separation of reflection points
for calculation of wind gradients from separated stations. .

" This is in addition to the uncertainty'of location of the re-~
flection "point" within the first Fresnel zone, which makes

the maximum contribution to the reflection. These factors
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are discussed in greater detail in later chapters, where some
~results-and.order of magnitude calculations of these effects
are presented. : : 1, ~~

The theory of velocity determination as presented ap-
plies'for'radar echoés only, and is modified in the CW case
by the presence of the coherent ground wave. As shown by
Me Kinley (19&9), the continual presence of a'rgference phase
causes a whistle before the Uy point (as in thé radar case a
post t, whistle occurs also). - Before the meteor velocity can
be calculated for such an echo, a knowledge of the relafive
phases of the sky wave and groundwave 1s required for all the
' Fresnel zones used in the calculation. Yainstone (1960) de-~
veloped a techniqué for this, utilizihg the doppler beat
which occurs as the trail drifts (after formation) under the
action of atmospheric motion. The minima of the resultant
waveform afe produced when the skywave and groundwave are TTF,
out of phase, and, pPovided the doppler beat frequency is' '
measurable and constant, the phase can be extrapoléted back
\along the echo.

The presence of the pre U, whistie is indeed fortunate,
since in most cases, the post U, whistle is lost in the re-
sultant Mbody doppler" caused by the drift of the trail as a
whole. «

As shown by equation L.7..4, the presence of a wind grad-
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ient will produce a time dependent velocity of trail drift.
Because of this, a linear extrapolation of doppler phase back -
into the pre by whistle can lead to errors in velocity and te
point determination, These were estimated by Mainstone as

less than 2%. The present investigation has not sefiously'_

modified this figure.

Note added in proof,.

No mention has been made of the metéor particle as a
source or turbulént energy. This question was discussed at
-some length at the Symposium on the Fluid lechanics of the
Ionoaphere (New York 1959). The general concensus of opinion
was that whereas the turbulent wakercould be of importance

for the larger visual meteors, the contribution of radio met-

eors to the turbulent energy is negligible.
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CHAPTER V. e

The Adelaide Equipment for Wind Measurement

5.1 General

The original apparatus used fdr the continuous, auto-
matic tracking of meteor trails at Adclaide was deveioped in
the early 1950's by Elford, Liddy and Robertson. The receiv-
ing equipment was installéd in a disused ammunition 1oadiﬁg
store at Salisbury, the fransmitter being operated in the
Fhysics Depaftment in Adelaide. Receiver and transmiﬁter
separation was necessary since a confinuous wave teéhnique
was used, and the separation of 20KM produced a groundwave at
the receivers of approximately the same level as the skywave
reflected by a typical meteor trail. | ’

By the end of 1957, the site at»Salisbury wa s becoming 
more and wmore unsuitable because of interference caused by
increased industrialization of the area. Also, the equip-
ment , whilevstiil producing worthwhile results, had become
obsolete and required considerable maintenance. It was
decided, therefore, to build a new receiving station at St.
Kilda,ranlélectrically "quiet" area some 1LKM to the west of

Salisbury, and in 1958 the building of equipment for the new
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station commenced. The development of é refined techhique
for meteor velocity determination from CW echoes by Mainstone
(1960) about this time initiated a project desipned to meas-
ure the orbits.of individual meteors. This involved the con-
struction and installation of an additional two outstations; |
these are treated in detail in Chapter VIII. Inherent in the
orbit determination is the measurement of the separation dis-
tance between the reflection points associated with any two
receivers, and this information is utilized in the turbulence
investigation (see Chapter VII).

5.2 The Transmitters

The transmitters used for the'1961 surveyihave been in

- operation for se&eral yeérs, doing routine wind measureménts.
The CW transmitter was modified by Mainstone in 1958, and
produces an output pbwer of approximately 300 watts at a fre-
guency of 26;773 MCS (wavelength = 11.2 metres). This power
is radiated within a coneAiu5° about the zenith by a three.
eiement Yagi array suspended above the Physics building at
the University. A similar array is used to radiate the 10KW
peak power pulse from the radar tréhsmitter, which operates
on the éame frequency and is phase coherent with the CW.
Pulse width is 10p sec; repetition frequency 100 pulses per
second. The arrays were ralsed and lowered until a suitable

groundwave level (some 8 uv CW) was received at St. Kilda.




MAIN STATION, ST.KILDA
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This CW groundwave is used as the reference phase iﬁ the
drift measurement by the doppler method, and the radar
groundwave triggers the range marker generator at the receiv—
ing site. |

The main receiving station at St.,Kilda was operational
in July, 1960, and all facilities, including the outstations,

were producing results by December of that year.

5.3 The Main Station lKean Wind leasuring Eguipment.
| The method of determining atmospheric mean motions at
meteor heights from the line of sight drifts of trails meas-
ured by the doppler shift on CW signals reflected from such
trails is due to Manning, Villard and Petersen (1950); as
used at Adelaide it contains some modifications in.the dir-
ection finding and sense of drift determinations. The two
basic assumptions, that of aspect sensitive reflection from
the trails, and a predominantly horizontal mean atmosphericf,.
drift, have been well substantiated both theoretically and
experimentally.

The mean wind sufvey reguires the measurement of four
parameters for each echo. These are

1) the line of sight drift of the trail

. Q?thhe direction cosines of the reflection point relat-

ive to NS and EW axes

5) the height of the reflection point
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and 4) the time of occurrence of the echo.

Copt@nuous wave techniques are utilized in the determ-
ination of 1) and 2), and 3) is found by using the supplem- "~
entary pulsed transmitter and radar receiver to determine the
slant range of the trail which, together with 2), yields the
height of réflection.' #ig. 11 is the block diagram of the
receiving section of the Mean Wind Measuring Equipment
(henceforth referred to as thé Wind Equipment).

Five spaced dipoles, each %/h above ground, and four
narrow band receivers are uéed to\determine the direction of
arrival of the reflected wave. The orientation of these
aerials is such that the groundwave always presents a plane
wave front to the dipoles. ‘The relati§e nhases of‘the sky-
wave and groundwave are established at the aerials in terms
of the relative phases of the low frequency déppler beats.
Therefore, there is no necessity to presefve the R.F. phases¥
through the receivers. Two of the receivers, labelled D.F.1
and D.F.2 in Fig. 11, are switched between three of the aer-
ials. Thelr outputs are D.C. amplified and displayed on a
double besm C.R.T in the Wind display. The traces are ident-
ified by asymetf& of the switching intervals, givihg "light!
and "dark™ traces.

- The two Doppler recelvers continuously monitor the C.W.

level. The sharp rise (or fall) of the signal level which
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occurs when a suitably oriented trail is formed in the atmosf
‘phere, triggers the sequence unit which is connected to the
output of one of these receivers. The sequence unit bright-
ens the oscilloscopes in the Wind display, and energizes the
magnetic clutch on the Wind camera. The normal recording
interval is of the order of one second. The sequence.unit
also provides a triggering pulse for the eguipment which Pé-
cords information required for turbulence and orbit measure-
Vments. |

The receivers and D.C. amplifiers are the same as those
used in the outstation equipment, and are described in detail
in Chapter VIII.

The range of ﬁhe Peflecfion point 1is Pecorded using a
conventional intensity modulated A-scope display. A wide
vand receiver is connected to a sixth dipole, and its output
inteﬁsity modulates another C.R.T in the Wind display. The
time base and range marker generator is triggered by the out-
put of an additional broadband receiver connected to a horiz-
ontal three element Yagi array beamed on Adelaide. This en-
sures that the timebase is always triggered on the groundwave
pulse evén when the skywave amplitude (as recei#ed on a dipole
exceeds the groundwave level.

A clock which is illuminated every quarter hour, and a

counter and electronic flash which are fired on each echo

)



completes the display line-up.

A typical-echo as filmed is shown in Fig. 13.

The sense of trail drift (towards or away from the
‘receiveré} can be determined from the relativé phases of the
doppler outputs of the four narrow band receivers, but this”
is a rather tedious process of elimination, and a much better
method which gives the sense of drift on sight from any one
output trace was deviséd by Robertson in 1952. The CW'trans»
mitter at Adelaide is phase modulated by a sawtooth wave
synchroniged with the 50 cycle malns which slowly advances
the R.F. phase of the transmitter output.and then suddenly
retards it by 90° fifty times per second. Normally, this
phase modulation produces no recelver butput, since the re-
ceivers all employ conventional A.M. dicde detectors. How-
éver, dﬁring the'presence of an echo the phase retarded
groundwave reaches the receivers at St. Kilda about one
millisecond before the phase retarded skyane, so that duriﬁg
this brief pefiod the vector triéngle RGS in Fig. 12 is

'e's! in wnich G’ makes an angle of -90° with G,

replaced by R
but the phase of the skywave is unchanged. The brief change
from R to R’ is recorded as a spike (of duration ~ 1 milli-
second) on the doppler beat curve at 1/50 sec. intervals. It

ican be seen from the record of Fig. 13 that the ends of these

spikes trace out a "phantom" beat curve which in this case
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F1G. 12
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leads the main doppler beat curve,

. The phase of the phantom beat curve either leads or lags
the phase of the main doppler beat curve according as the
phase path of the sky wave is either increasihg or decreas-
ing. With reference to Fig. 12, if the phase path is in-
creasing, S is rotating clockwise and R isvapproaching its
maXimum value as R’ is approaching its mean value. Thus R
leads R' in phase. Similarly if S is Potating anticlockwise
R is approéchihg its mean value as R! is approaching its min-
imum value so that R lags r! in phase. In the actual record
of Fig. 13, R lags R’. This represents a decrease in the
phase path, and the line of sight component of the drift vel-
ocity of the meteor is directed towards the T/R system. These
sense spikéa on the traces also»give convenient 20 millisec-
cnd time markers by means of which the doppler frequency can
be measured.

In the interests of stability, ail H.T. power supplies
are electronically regulated, and all valve filaments are.fed
from a constant voltage transfoyme;. The receiver and dis-
play power suppiies use a highly stable circuit devised by
Attree (1955). The output impedance of these supplies is
less than O§1 ohm from D.C. to 50ke, and ripple is legs than
=410 milliveolts at a high tenéion output of 200ma at 25OV.

Fig. 14 is a photograph of the Mean Wind Recording Rack,
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housed in the station at St. Kilda.
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CHAPTER VI.

Freliminary Investigations at Adelaide

6.1 Methods of lean Wind Data Reduction.

For the years 1952 to 1962 inclusive, equipment similar
to that described in Chapter V has been recording wihds in
/the meteor region above Adelaide. Almost from'theicommence—
ment of the wind project it was realized that velocity grad-
ients with héight existed, and the method of data reduction
included arbitrary strétificatioh of the region into three
bands 10km thick, centred on 80, 90 and 100km respectively.
Stratification with narrower height grouping was contemplated,
but was nmtkcommensurate with either the accuracy of ranging
or the echo rate, and was therefore not implemented.

The echoes are gPouﬁed in hourly intervals. DBecause of
the echo rate, it has been necessary to record for several
days each month, and to lump the data to give winds for a
"typical day" of the wonth.

For any given height group and time, at least two echoes
are required to specify the appropriate mean wind velocity
vector,- since only the 1ine-of‘sight component of drift can

ne recorded for each echo. If‘more than two echoes of the
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appropriate height and time are recorded, a least squares it

to the resultant NS and EW vector components is usea to ob-
tain the réquiréd wind vector. This analysis 1s produced in
the Blford et al (1953) paper.

The data read from the wind films is punched onto cards
and processed on an IBM 1620 computer to give the resultant
NS and EW wind components. The appropriate IBM FORTRAN pro-
gramme appéars in Appendix I.

The mean hourly winds for a given height range of the
typical day for the given month are then subjected to a
Fourier Analysis to determine the prevailing, diurnal and
semi-diurnal components. This is also carried out on the
16é0 computer (programme, Appendik I).

6.2 Random Winds.

An early investigation by Elford et al of trails assﬁm—
ing aspect sensiti&ity close to theAzenith showed that vert-
ical drift velocities were small in comparison with ths hor-
izontal drifts, and that the mean motlion was confined to
within i150 of the horizontal. Vertical motions of up to {0
metreé / second with a vertical meéﬁ'drift of 1 to 2 metres/
second were found, associated with horizontal winds of 80
metres / second.

One of the most interesting features of the winds as

recorded is the reproduction year after year of the same
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basic wind patterns for a given month. This leads to the
conclusion that turbulent motions, if present, are subjugate
to the mean flow.

To obtain éome indication of the probable magnitude of
the turbulent velocities, the mean wind was extracted from
the records for 0600 to 0700 hours, December 1952 (Fig. 15a).
The result is the histogram of Fig. 15b. The &alue of the
mean wind ét the time was 86m/sec, and the most probable tur~
bulenﬁ velocity of the order of 30m/sec. This agrees reas-
onably well with the RMS veldcity of 50m/sec for a mean wind
of 100m/sec (Manning, 1959), and also with the 25m/sec tur-
bulent velocity found by Greenhow to be an average regardless
of the mean wind speed.

The size of the eddies responsible for this turbulent
velocity cannot be deduced from the Adelaide single station
observations. A narrow transmitting and recelving beam width
is required to determine time correlations (an area of the
meteor region small in comparison with the size of the dis-
turbance must be illuminated), and the Adelaide system has
élways used broad all sky antennae;m

6.3 The BEffect of Wind Shears on Long Duration Fchoes.

The effect on the meteor trail of a linsar shear has
been shown in Chapter IV Section 7 to preoduce a rotation of

the trail which results in motion of the reflection point
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along the trail. Since in the determination of the wind
gradients along a trail the separation distance is df prime
importance, any factor whidh may effect reflection point mot-
ion is worthy of Gonsideration.

The rate of motion of the refiection point in kilo-

metres/see is given by equation L4.7.7, viz.

3
) T = Rou' x 10--

where Ro 1s the slant range of>the echo in km and wu'! is
the trail gradient expreésed in m/sec/km. The assumption of
a linear gradient is, of course, an oversimplification, but
7it is useful for determining order bf magnitude values for
the quantity T. If the gradient were truly linear, then
there would be no relative motion with time of any two points-
on the trail, and errors would be incurred only in the absol-
ute’ana not in the relative drift velocity determinations.

Velocity gradients, when encountered, are characterized
by a time dependent drift velocity, oﬁserved on the recording
film as a doppler beat increasing or decreasing with time.

The actual drift velocity at the ty point is related to
the observed drift velocity at a time t after the meteor has

reached the to point by equation 4.7.6, viz.

It the gradient u' is zero, then the observed drift is

equal to the actual drift.




8L

3ince by far the greater majority of long duration
echoss exhibit this change in doppler frequency with time, it
is reasonable to suppose that the‘trail is always subject to
deformation by some form of wind gradient. There 1s always a
finite delay after trail formation before the echo is recorded,
and the execution of each doppler cycle in itself introduces
a further time inter#él over which measurement of the doppler
is being made. Thus there is always séme difference between
. the measured and actual values of the line of sight drift
vector.

To determine the typical order of magnitude of the time
debendent dpift velocity variation and reflection point mot-
ion, 70 echoes for December, 1960, were examined in consider-
able detail. The average line of sight drift vector for
these echoes is 42 metres/séé; the RMS value of the rate of
velocity change with time is 9.1 metres/sec/sec. Allowing
for an average time after the U, passage of the meteor before
measurement of 0.1 secs, the average absolute velocity error
is only of the order of 1 metre/sec, and is of the same order
as the normal film reading errors. ‘ﬂowever, the rate of re-
flection point motion is of more consequence. Fig. 16 shows
the number of echoes observed with a given reflsection polnt
motion (calculéted from the doppler variation with time, and

assuming a linear gradient). Whereas the average motion of
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the reflection point along the trail is zero, values up to

6 km/sec are found, the RMS value being ~1 km/sec. Thus the
drift velocity measured 0.1 sec after time t, is, on the aver-
age, the drift velocity of a point 100 metres away from the %@
point. If the wind gradient aloﬁg‘the trail is not linear
(which 1is usuallj‘the case, as is shown by reference to Fig.
17a, where the change in drift velocity with time ig by no
means constént), then -the separation of any two reflection
points on the trail will be highly time dependent. This
élaces a rather severe limitation on the measurement of trail
shears at small separations ( ~ 200 metres).

If the echo duration is sufficient, the action of non-
linear shears may cause more than one portion of the initially
stralght trail to be normal to the line of sight direction
and hence give equally strong reflections. IfAthese portions
are moving at different relative velocities, interference
between the reflected waves will be observed at the receiver.
This has proved to be a complication for methods of investig-
ation of meteor trails based on the measurement of the pas-
sage over the ground of diffraction patterns caused by re-
flection of radio waves from such trails. The effect is of
little consequence with a doppler method for short duration
echoes.

A typical beat envelope type of longvduration echo 1s




FIG 17- TYPICAL ECHO TYPES
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shown in Fig. 17b. This presumably has only two reflecting
centres, mpving with small relative velocity. The echo of
Fig. 17c¢, however, depicts what one might almost describe as
a chaotic situation.

Anomalous echoes can also be caused by the fragmentation
of meteors.v This can give rise to blobs of high ionization
lying along the path of the meteor. ’These regions simultan-
eously produce refleétions, and the trail 1s no longer a line
sourée. Rélative motion of these blobs gives rise to a beat-
~ing type echo.

Occasionally, more than one meteor echo will occur at a
given tiwme, the received signal being a combination of the
two doppler beats,_ Thisbtype of echo is usually readily
‘recognized because of its associated multiple range.

A furpther investigation bf the interestihg properties of

long duration echoes is contemplated, o ' -
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CHAPTER VII. T

The Adelalide Three Station System

7.1 General Description of the System.

Since the reflection of radio waves from a meteor trail
after formation is, iﬂ the first instance, specular, the
spacing of receivers on the ground will result in each receiv-
ing information from a separate point on the trail. Ih the
Adelaide system three receiving stations are used. The oper-
ation of fwo of these stations'is completely eutomatic in
that they run unattended except for routine maintenance, and
contiﬁuously transmit the signals received back to the main
receiving station at St. Kilda.

Fig. 18 is a block diagram of the overall system. One .
outstation is located at Sheedys' Farm, 4.72 km north of the
St. Kilda receiving site, and the other outstatioﬁ is at
Direk, a disused railway siding 4.81 km to the east of thé
main station (sée Fig. 19). For convenience in the specific-

‘ation of the geometry of the system for purposes of data,
reduction, the transmitting and receiving sites determine a
rectilinear system of coordinate axes (see Fig. 20). The

transmitters at Adviailde, the 3t. Kilda main station and the
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Sheedys' Farm outstation are colinear, and the St. Kilda - -
Direk line is perpendicular to this axis.

To simplify the correlation of echoes received at the -
various stations, all recording is performed at the main
station. Three sets of film records are obtained, each con-
cerned with a different aspect of the investigation of the
astronomical properties of méteors, and the effects of atmos-
pheric motions on meteor trails.

By recording the initiai whistle accompanying trail
formation as observed from each outstation, not only can the
meteor velocity be determined (from the rate of formation of
the FfesneliZone pattern) but also the time 9f onset of spec-
ular reflection, to, appropriate to each station can be spec-
ified. From the meteor velocity and the different times of
commencement of the echo at each station,lthe‘spaqial sepér—
ation of the appropriate reflection poihts is readily calcu}u
ated. This spacial separation is the parameter §, which, fo—
gether with the line of sight trail drift velocity as determ-
ined from the body doppler received at each station, provides
the basic data for the turbulehce investigaticn.

As has already been shown in Chapter V, the record taken
» from the main station receivers uniquely specifies the posit-
ioh:bf;one"point“@n the trail. The coordinates of this

point, together with the appropriate & values and a knowledge
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of the outstation system geometry is all that is required to
determine the direction cosines and the position of the met-
eor trail in the upper atmosphere. From these direction co-
sines and the velocity of fbrmation of the trail, the orbit
of the meteor particle producing the trail can be determined.
The basic measurements of meteor velocity and spacial separ-
ation of thé refleqtion points were made by a coc-worker,
carl S. Nilsson, who.completed, concurrent with the turbul-
ence programme, a thirteen month survey of the orbits of
shower and sporadic meteors as Observed from the southern
hemisphere,

7.2 The Choice of the Receiving Station Separations.

For the investigation of atmospheric turbulence from
spaced station radio echo observations of meteor trails, there
are two mailn factoré Which_govefn thé choice of station sep-
aration. These are the finite lengths of the trails formed
by meteors in the upper atmosphere, and’the scale of the tur-
bulence. IFrom the point of view of the orbit project, as
large a station separation as possiﬁle is desirable, since
thevaccuracy of determination of the direction cosines of the
trail ihcreases with increase of reflectibn point separation.
If only a small number of zones of the Fresnel diffraction
pattern are discernable on fthe orbit £ilm record for a given

meteor, there is an inherent inaccuracy in the absolute spec-
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ification of the L, points appropriate to each receiving
station. If. the. time difference between the U, points are
large, the effect of this inaccuracy of individual C, de~- —
termination on the computed direction cosines of the trail
will be sﬁall. |

The upper limit of station separation is determined by
the lengths of the trails formed in the atmosphere. Trail
1engthé are, on the average, about Zka. If large station
separations are used, the number of meteors produéing echoes
at all three stations will be small. The station separation
of 5km used in the Adelaide three stafion system represents a
good dompromiSe between accurate trail direction cosine de-_
termination and useable echo rate.

It can be shown geometrically that the maximum separat-
ion of reflecfion points on a suitably oriented trail is half
the stafion separation (See Section 4 of this Chapter). Thus-
the maximum a value associated with a'étation separation of,
~5km is 2.5km. Since most of the controversy associated with
investigations of atmospheric turbulence in the meteor region
has been concerﬁed with the scales of size 1km or less, a
station separation of 5km can be regarded as almost ideal for
'ﬁﬁbﬁdexerminatianfof the properties of small scale turbulence

in: the Height range from 80 to 100km.
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7.3 The Use of Shower Meteors in a Turbulence Investigation.

While the turbulence and orbit projeéts were being
developed, it was not altogether certain that the radiants of
sufficient meteors would be measured in any one month to givé
a significant sample for the purpose of turbulence measure-
ments. For this reason, an alternative system waé devised,
based on the known properties of shower meteors.
| The extraction of_shower meteors from the sporadic back-
ground is made possible by the aspect sensitivity of reflect-
ing trails. A northerly fadiant produces trails which assume
aspect sensitiyity only to the south of fhe receivers. For. a
given shower radiant, at any one time the reflection points of
ﬂsuch shower meteor trails lie on a horizontal‘line perpendic-
ular to the radiant direction. (This assumes a flat earth,
and that all meteors form trails at the same height, both
Peascnéple approximations). Thus, if the time of occurrence
of the echo is recorded, and its reflection point lies on the
" line appropriate to the radiant at that time, then it is
highly probable that the meteor belonged to the given shower.
A cldck in the wind equipment display records quarter hourly,
and thié interval is sufficie%tly small té provide quite acc-
urate grouping.v From the time of the .echo and the Kknown
radiant of the shower, the appropriate trail direction cosines

%,;{,%—can be caleculated. To calculate the reflection point
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separations, consideration must be given to the geometry of
the trail with respect to the spaced stations.

7.4 The OQutstation Geometry. (Fié. 20). PR

If the trail § has direction cosines N, [, v, and A,P,
is perpendicular to P;Po (specular reflection) then, putting

q = ROAO

(Iro + g)N + mroi + nreY = O

ro (1IN + mye + nv) = -gA

Tol.1
A first order approximation is given by
| d
a=+5

~i.e. A,is the midpoint of RoT
This approximation is adequate for the order of accuracy
required in the turbulence investigation. The true solution
is obtained by making the distance RoPo + PoT a minimum, and/
is used in the orbit calculations where a higher degree of

accuracy is required.

Substituting g = % in 7.4.1 gives -

l"o(vl'?\ 4+ mi + I’l'l)) = e 92""7\ 7.h4.2

The equation of the trail, in terms of the parameter Ey

is
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X = 1rg + N
mro + US

nre + v§

il

y

VA

i

For the first outstation Ry
A&, Thas coords. (- Qm%ME1>, 0, O
and at & =§; , the point of specular reflection from T to Ry,

the direction cosines of A;P; are

s | 1o + N+ BRI, mro 4 opgy , o 4 V§1]
AP, 2 | ~

APy is perpendicular to the trail

(1ro + Q§Q'+ NN+ (mry + pS)p + (nre + V&)V = 0

i.e.
. ‘ d=b; | ’
Nire + =57") + p(mro) + v(nro) + &5 =0
' _ : 7.4.3
From 7.4.3 and 7.4.2,

% (%’) + & =0

b
Ei==5' N
Tor the second outstation R,
A, has coords. - % ,“mgz, 0

Specular refliction from T to R, requires
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(Iro + NSz + %)%‘+ (mro + uSs + %a)ﬂ.+ (nrg + v&€2)v = 0

NIre + %) + plmro + 3’23"2) + v(nr ) + £2= 0
. 7!“0“

From 7.4.4 and 7.4.2,

.,

b N

Ea = - gzﬁ

The distance b; is the distahce from the main station at
St. Kilda to the outstation at Sheedys' Farm, viz. L4.72 KM;
'bz; the distance from the main station to the Direk outstat-
ion, is h.81 KM.

Substitution of the appropriate X, i for each shower
meteor thus yields the separations &; and &j.

Because of the reasoﬁably high sampling rate achieved
with all orbit information available, this method has not

been used to date. -
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CHAFTER VIII.

The Qutstation Eouipment

8.1 General

| Bach of the outstations situated at Sheedys' Farm and
Direk is completely self contained, and runs unattended ex-
cept for routine maintenance. For protection from the weather
énd possible vandalism; the rack of equipment at each is
housed in a steel tank buried in the ground with only a pad-
locked 1id visible (Fig. 21). The 27 mes N2 receiving ai-
pole is mounted N/4 above the ground on a lengqth of two inch

" waterpipe, and feeds the receiver via a coax cable which

runs down the inside of the pipe and undergroﬁnd into the
tank. This pipe aléo serves as an air intake for the blow§?f
mounted in the bottom of the tank. Whereas this blower is
not strictly necessary, it does help to remove some of the
300 Wattﬁ being dissipated by the equipment. The warm air is
exhausted through louvres under the 1lid (see Fig. 22). -

- A.C. power (240v) is couveyed to the rack by an armoured
‘#ecable which runs.underground from the tank for some 30 yards
before being connected to the overhead distribution system.

This helps to elirinate interference which might be radiated
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by the power wiring, and to minimise distortion of the aer-
ial polar diagram which could occur due to overhead wires in

close proximity to the station,

8.2 Detziled Description of the Outstation Equipment.

Each outstation rack (Fig. 23a,b) contains the follow-
'ing:— |
~(a) a 27 mcs narrow band superhetrodyne receiver, with
crystal controlled local oscillator,
‘(b)) a chopper and filter unit,
(c) a'frequency modulated 167 mes transmitter,
(@) associated power supplies.

(a) The 27 mcs Receivers.

As mentioned in Chapter V, receivgrs of similar design
are used in each outstation and at the main station. Since
both outstations and‘main\station are almost completely free
from man-made interference, conéiderable time was spent on>/~
ﬁhe design and construction of thése receivers to meet the
requirements of very low'noise figure and high gain and stab-
ility. \

To reduce the noise figure to a minimm, two étages of
radio fregquency amplification are used. The first is & cas-
codenemploying a %riode connected 6AMS and a 6Agh; the second
a 6Ali6 as a conventional pentode amplifier. The pentode

mixer, another 6AMC, has cathode bias in the interest of
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rapid recovery from high amplitude transients (atmospherics).
Oscillator injection is crystal controlled. Two I.F. ampli-
fier stages (2 X 6BA6) on 1.9 mes complete the lineup before
detection., Extensive shielding is used between stages; all
filament and HT leads to each stage are bypassed by concentric
feedthru capacitors. The resultaﬁt’receiver has a ndise fig-
ure better than 2 db, imasge response 72 db down, overall
bandwidth +4.5ke at the 3 db points, and an overall gein of
180db before detector saturation on input circuit noise.
Nbrmal gain in operation is 120db, a 10 microvolt input sig-
nal producing 10 volts across the detector diode load. Re-
ceiver linearity is excellent up to 30 volts output, with a

smooth overload up to 4O volts out. Either AVC or manually

Acontrolled gain is available. For echo amplitude investigat-~

ions a knowledge of both abéolute groundwave and skywave is
desirable, and calibration and operation at fixed gain is
necessary. For routine wind and radiant surveys, the const-
ant gréundwave output provided by'the AVC system simplifies
recording.

(b) The Chopper and Filter Unit.

Under normal quiescent conditions the output of the re-
ceiver consists of a D.C. signal which is a measure of the
groundwave amplitude. In order to transmit this groundwave

level back to the main station, techniques similar to those
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employed in carrier telephony are used; the carrier wave
which is produced by chopping and filtering the receiver out-
put is in a form suitable for tfanémission. A hetérodyne»»w
method had been used previously by Dr. J. S. Mainstone to en-
able taps recordings of the initial whistle accompanying
trail formation to be made for subsequent velocity measure-
ment, but is unsatisfadtoryvfor the following reasons. First-
ly, a very high order of stability is required not only in
the receiver and local héterodyning oscillator, but also in
the CW transmitter, if the heterodyne carrier frequency (lLkec
in the original) is to remain within the passband 6f the Lke
bandpass filter required to realize the full noise figure ad-
vantage of the method. This difficulty could have been over-
come by the use of some for& of automatic frequency control
of the heterodyning osciliator to produce a constant carrier
frequency. A second difficulty arises because the heterodyne
method is phase coherent. The 27 mcs tranémitted wave beiﬁé
phase modulated, severe ringing oécuﬁred even in the absence
of an echo because of the steep sided bandpass characteristic

of the original Lkec filter. This problem has no ready solut-

ion. A filter with a bandpass over 6kc wide was eventually

o wsed. This reduced the ringing but the echo was degraded by

noise. ¥

The chopper method suffers from a 3db increase in noise
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over the heterodyne method, but since it is used after de-
tection,-the_signal is no longer phase cbherent in that only
the genuiﬁe phase spikes, whistle and doppler resulting from
the groundwave/skywave interact@on are present; the 27 mcé
receiver Al detector produces no output other than the D.C.
level from the phase modulated groundwave alone. This means
that the filter bandwidth can be kept down to 1ke ( the phase
spikes are normally of the order of 1 milliseéond long); wifh
obvious noise figure improvement.

The circuit of the chopper unit is reproduced in Fig.
24. Stability has proved excellent, being of the order of
| *100cps at an output freguency of 5ke (aftér an: initial 12
hour warmup), this being maintained at one stage over a per-
iod of 3 months contimious Qutstatioﬁ operation. Switching
trénsien@g generated in the diode ring modulator are 60db
down with respect to the filtered signal output.

The output from the filter appears as an amplitude mod-
ulated carrier wave whose frequency is that of the multivib-
rator driving the switching dicdes, and whose amplitude is
directly proportioﬁal to the receiver detector output.

Different chopping frequencies are used at the two out—~
stations, viz. 2ke at Sheedys' Farm and 5kc at Direk. The
choice of suitable chopping frecuencies involves considerat-

ion of several conflicting requirements. The whistle accomp-
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anying trall formation contains frequencies as high as 600
cps for Fresnel zones well removed from the to point, and
thus the sampling freqﬁency should be several times this val-
ue. However, the meteor velocity recording technique'involves_
the storage of information on magnetic tape, which imposes
upper freqguency limits at conventional tape speeds. During
storage oﬁ tape all signals are mixed and subsequently separ-
ated; if sémpling fréduenciés are harmonically related,
interference between channels caﬁ occur. The freéuencies
chosen have proved to be a good compromise.

(¢c) The F.M, Transmitter.

A commercial freQuency modulatéd crystal controlled 167
mcs transmitter (FPhilips type 1645/02b, now obsolete) is used
to transmit the chopper/filter output back to the main stat-
ion at 3t. Kilda. The original transmitter, designed for
voice communication, Was modified by removal of an\input lim-
iting arrangement which would have had a disasterous effect
on the overall linearity of the system, and incorporation of
overload protéction devices, deemed necessary since the out-
stations run unattended. |

(d) The Power Supplies.

In the interests of stability, the high tension to all

vrovided by

I

units except the transmitter final amplifier is

an electronically regulated 250v supply, as used at the main
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‘station and described in Chapter V. DNegative bias to the re-
ceiver mamual gain control is also regulated. The transmit-
ter rinal stage is fed from an unreguiated LOOv supply; all™
that is required of this supply is that the output from the
transmitter be kept well above the limiting level of the link
receivers used at the main stétion.

Output from the tPaﬁsmitter is conveyed via coax cable
inside the antenna pole to a 4 element Yagi array beamgd on
3t. Kilda.A The Yagi is mounted 3 feet above the 27 mcs re-
ceiving dipole.

8.3 Subsidiary Main Station Rguipment.

The transmissions from eaéh outstation are received at
St. Kilda on Y4 element Yagi abrays, and are amplified and
discriminated by 13 valve FM receivers (Philips type 1645/01b,
now obsoleté,h These receivers have beeh superseded by the
manufacturers from considerations of size only. Their per-
formance is quite good). Both outstations are transmitting
simultahecusly on the same frequency of 167.02 mes, but the
Lodb front to side ratio of the recelving arrays ensures that
each receiver limits on the required signal. Simultaneous
transmissions would not be possible with ampiitude modulated
signals,; because ofi interference problems. Link noise is
57db down on the information carried; this is due in part to

the excellent performance of the bandpass filters connected
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to the receiver outputs. These filters are the same as those
used at the outstations to filter the chopped receiver out-
put. Through the use of Ferroxcube potcore inductances a
good bandpass is achieved with only two constént k T-sections,
and two m-derived end sections.

The signal to noise ratio at the 27mc oﬁtstation aerials
averéges 26db. Low receiver noise figure means that external
noise completely governs even weak signal performance, and
because the links introduce no measurable degredation, the
signal to noiée ratio of the filtered M receiver ouiput is
the same as that at the outstétion 27 mcs aerial.

The @utpﬁts of the link recéiVePs are fed to the channel
distribution unit in the Three-station Wind Recording Rack,
Figs. 25 and 26. This'unit also chops and filters the output
from one\@f the main station doppler receiveré. The three
carriers thus derived are

oke transmitted from Sheedys' Farm,
3%.5kec output from one main station receliver,
and 5ke traﬁsmitted from Direk.
These are in a form suitable for use in the velocity measure-
ment techmique; v

8,54 The Wulti-channel Tepe Delay Unit.

Because the Wind Equipments only record information re-

ceived after the trail is formed, some form of memory circuit
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is required to enable the initial whistle associated with
the formation of each trail to be recordéd.

This is provided by the Multi-channel Tape Delay Unit
first designed by Mainstone (1960), but which has since
undefgone considerable modification and impfovement, This
was undertaken by C.S.Nilsson, who was also responsible for
the reduction of the orbit data. |

The driginal recofder incorporated three‘separate record
and playback head pairs, four erase heads and a highly com-
plicated switching mechanism to automatically effect tape re-
versal, and thus allow for continuous recording. However,
because of the tehsion differential between heads, simultan—
eity of time between channels was lost; in addition wow was
such that time marker pips on each channel would have done
little to improve the situation. | | |

Because of the inherent stability and flexibility of the
chopper method of carrier derivation, an alternative record-
ing procedure was devised. The three carriers are mixed»
(linearly added, so as not to beat together), applied to the
one recording head, and picked offrﬁhe tape approximately 1.5
seconds later by a single playback head. Conslderable simp-
lification of the reversal switching mechanism results, and,
because of the reduction in the number of heads traversed by

the tape, wow and flutter are reduced to negligible proport-
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ions, To unscramble the playbackrsignal, three six section
filters are used, each 1200 cycles wide and centred on one of
the three carrier frequencies. The separate carriérs are;. """
theﬁ amplified, demodulated and applied to three cathode ray
tubes in the orbit display. If an echo triggers the main
wind equipment, the orbit camera is then set in motion, and
runs for a éufficient interval to record the initial echo in-
formation which has been delayed 1.5 secs by the tape.
Because the whistle amplitude is normally only a few per
cenﬁ of the groundwave amplitude, the lérge body doppler
after the whistle 1s attenuated by a'frequency selective net-
work (the doppler frequency is much less than any component
of thé whistle) so that the maxima and minima of the doppler

are recorded without overloading the display amplifiers.

8.5 The Three-station Wind Recorder.

The three outputs from the channel distribution unit are
also applied to the Three-station Wina DiSplay. The records
obtained from this display make possible the measurement of
reflection amplitudes and decay times (the measurement‘of
diffusion coefficient differential with height is contemplated
as an extension of the turbulence programme) and give a better
overall picture of the post ta echo than that available from
the orbit display.

The two outstation carriers are amplified and demodula ted
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by two circuits of the type shown in Fig. 27. The potent-

iometer in the cathode of Vapreturns to a‘negative voltaoge
supply; suitable adjustment of this potentiometer produces
Zzero voltage at the output of the lowpass.fiiﬁerrL,“4C3n8 for
zero carrier input. Presence qf.carrier input resulté in
rectification of the signal by the diodes (4 X 0A202) and ap-
plication of a positive bias to the grid of V,p. This causes
an increase in current flow through the valve, and a positive
voltage is develéped across the filter load R;z. The DC vol-
tage ocutput is plotted against peak to peak carrier input in
Fig. 28. The linearity in the O to 20v output region is ex-
cellént. The lowpess filter has a frequency cutoff of 1kb,
which is sufficiently high to pass the phase spikes, which
are of the order of 1 millisecond duration, but low enough to
completely suppress the rectified carrier component. Once
again, the use of potcore inductanées has produced a filter
of high quélity. The filter characterist{cs are presented in
Fig. 29.

The output from the main station receiver is appiied
directly to the appropriate DC amplifier in the cathode ray
tube display, without being chopped, filtered, and then de-
modulated. It is significant that the signal to noise ratio
of the film record obtained from this channel is the same as

that of the outstation records.
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For monitoring purposes, the signal levels representing
the DC outputs of the three station receivers are disblayed
‘on three panel mounted meters.

The DC amplifiers‘iﬁ the display were designed for long
term stability; A cathode follower drives an anode follower
whose plate is connected directly to the appropriate Y plate
in the cathode ray tube display. Three such amplifiers are
modulators, and the third the output from the main station
receiver. These signals are applied to two double beam |
Cossor 89J C.R.T's. The main station signal deflects the
lower trace of the upﬁer cathode ray tube in the display, and
also the upper trace of the lower tube. The Sheedys' Farm
signai is the very top trace, the Direk signal the very bot-
tom trace (See Fig. 32b). 'fhese tubes are certainly not the
best for long term photographic fecording, but are adequate
in this application. ¥

Gfaphs of the signal level outputs as measured from the
film records (normalized to a 10 volt groundwave level)
against RF signél microvolts input ;% the outstation antennae
are presented in Fig. 31. The non linearity in the overall
characteristic is introduced in the frequency modulation of

the 167mc transmitter and subsequent discrimination in the

link receivers
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The recording camera is a Shackman, which has been mod-
ified by including a magnetié clutéh between the motor and
the film drive. The motor operates continuously and the film
is brought into mqtion by applying a voltage to the clutch
from the seguence unit. Gear ratios are such that ﬁhe 35mm
film traveié at 0.38 inches/sec vhen the clutch is actuated.
Thus, at the shortest recording duration of>1.u secs, eéch
echo occupies about half an inch of film. "Film is daylight
loaded in 100 foot lengths; tﬁe sporadic écho rate is such
that one film normally lasts 36 hours.

For film correlation purposes, an electronic flash and a
six digit counter are mounted in each of the three displays
(orbit, mean wind, and three-station wind). The counter and
flash are operated during each echo by trigger pulses from
the mean wind recording rack sequence unit. '

The pagnetic clutch actuating the three—station‘camera "
is wired in parallel with the mean wind equipment clutch to
minimise delay in the commencément of recording, but, once the
film is in motion coﬁtrol by the wind equipment 1s removed
and the three-station séquence unit takes over. This unit
contains several relays and an electronic timer, the duration
of the run being+set by a switeh on the front panel. Record-
ing intervals from 1.4 secs minimam to 30 seconds maximum can

be selected. Wost of the routine running is done with the
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shortest duration in the interests of film economy, but, for
observations of long duration echoes,timés up tovthe maximum
have been used occasionally. Hanual triggering of the clutch
and sequence unitvig also available for testing purposes.

8.6 The FPilm Records.

The films from the orbit display (a), ihreemstation wind
display (b) and mean wind display (c) are shown in Fig. 32
for echo number 54746+ The whistle patterns of 32(a) show
vthat ﬁhe echo was first received at the Main Station (middle

trace), then at the Direk Outstation (bottom trace) and final-
1y atASheedys' Farm (top trade). The time scale 1is indicated
by the phase sbikés which are quite evident on the slow body
doppler at the end of each echo. These spikes sre 20 milli-
seconds apart. | |

The reccrd of 32(b) shows the presence of wind shear.
‘The initial whistle does nﬁt.appear, since it precedes the
main echo which triggers the.caﬁera. Taking the traces in
the order of reflectionvpoinﬁ occurrence as determined from
32(a), the line of sight drifts.are

27 metres/sec at the main station (centre two mirror

image traces)

LO metres/sec at Direk (bottom; trace)

and 55 metres/sec at Sheedxsy<bcpggtrace).

The first reflection point always occurs at the greatest
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height; thus this echo shows the presence of a negative wind
gradient with height.

Before the meteor velocity and separation distances can
be determined from 32(a), a knowledge of the range and direct-
ion cosines of at least one reflection.point are required.
This information is furnished for the main statibn echo by
the film 3%2(e). The upper trace is a conventional radar
scan, the equispaced dotted horizontal lines being 20km range
markers. The range at 108km is clearly visible. The next
two traces are the oufputs of the two doppler receivers. Un-
fortunately the magnitude of the ecﬁo was such that receiver
overload occcurred. However, ths doppler minima are still
well defined; because of the nature of the beat waveform
(coslt, ), the miniwal cusps are always used for méasurement.
The spikes on the trace caused by the phase modulation of the
transmitter are clearly visible. Since tth;;;e traéed out
by these spikes leads the doppler beat, the trail drift is
tdwa?ds the chserver. |

Local time is recorded by the clock in the orbhit display.
Films-are correlated by means of the electronically flashed

counters.
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CHAFTER TIX.

The Methods of Data Reduction

as Applied to the Results For December 1960 -

9.1 The Mechanics of the Turbulence Data Reduction.

At the commencement of the orbits and turbulence pro-
jects in 1958, it was appreciated that considerable time would
be involved in dete reduction, eince any worthwhile orbit
survey and turbulence investigation would necessitate record-
ing for at least twelve months. The design and construction
of the comeletely new St. Kilda receiving station and the two
outstations took until mid July, 1960,.and the whole system
was operating reasonably satisfactorily by December of that
year. Hor the first few mcnths, until the end of April,

1961, equipment reliability was not good, and the rate of
echoes suitable for reduction suffered. However, for the

rest of the survey, which terminated at the end of December,
1961, very little equipment maintenance was necessary, and re-
duction of the data already obtained was commenced. This
proved to be a most tedious process, -six months of graphing,
curve fitting and desk machine calculation being required to

produce the final results for only one month, viz. Decenber,
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1960. Fortunately, early in 1961 the Weapons Research Es-
tablishment at Salisbury installed and made available to Uni-
versity users an IBM 7090 digital computer to ease the load
on their digital/analogue computer WREDAC. F}om the research
viewpoint, the 7090 is one of the best computers in the
.world. Not only is it quite fast in operation, but it is
relativély easily programmed via the IBM  FORTRAN language;
programmes are written in an elementary algebraic form, which
is translated by the machine itself into the highly complic-
ated binary coded machine language.

Frogrammes to expedite some aspects of the orbit reduct-
ion were first run by C. S. Nilsson early in 1961, but the
complete orbit reduction programme was not finalized until
the beginning bf this year (1962). The first turbulence pro-
grammes were run in January, 1962, and underwent considerable
addition and modificatioﬁ until the installation, in April,
1962, of an IBM 1620 computer in the University's Computing
Centre. Although considerably slower in operation than the
7090, and having a very much smaller storage capacity, the
1620 has the most decided advantages of personal operation by
the user, 24 hour a-day availability, and no charge for re-
search use. Because of programme complexity and large stor-
age requirements, the orbit reductions were carried out on

the 7020 at W.R.E., and the information for each echo relevant
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to the turbulence programme was punched onto cards by this

machine. Ali subsequent reduction was tﬁen performed on the
University's 1620. The FORTRAN programmes appropriate to
each portion of the déta.processing appear in Appendix II.

No attempt is made to translate these programmes dirvectly
into conveﬁtional mathematics, since the method is adequately
detailed in subsequent sections of this Chapter. The lists
given of ﬁariables used in the pfogfammes are not complete in
that many of the variables used within the programmes are
concerned only with machine manipulation, and the lists are
therefore confined mainly to quantities used as input and

output.

9,2 The Formulation of the Turbulent Velocity Field,

. Before any application of the theories of homogeneous
turbulence can be attempted, all mean velocities and mean
gradients must be éliminétéd from the total flow field. As
detailed in Chapter V, the Adelaide method of mean‘wind meas-
urement involves the hourly grouping of wind velocitles meas-
ured over several days. This,repreéents a time average over
an intetval which is certainly longxcompared with the time
constant of 100 minmates for the energy bearing eddles determ-~
ined by Greenhow and Neufeld. The annual repetition of the
pattern for a typical day of a given month lends weight to

the assumption that the motlon as determined is, in fact, a
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true mean.

The first assumption made in the preliminary data re-
duction as applied to the turbulent motions is that these are
isotropic. Although this radical assumption is not true
(other workers have clearly demonstrated the anisotropy of
turbulent motion at these heights), it simplifies the initial
approach, and enables an eventual estimate of the possible
vertical component, and thus a clue to the degree of aniso-
tropy.

The data availaﬁle from each record for turbulence meas-—
urement cansistsrof

a) the line of sight motion at three points on the

meteor trail,

b) the spacial separations of these three points,

c) the line of sight direction cosines and the height

‘above ground of one of these three points,

d) the direction cosines of the meteor trail,

and e) the time of occurrence of the echo.

Accurate determination of the line of sight drift re-
quires measurement of at least two cycles of the body-doppler
beat immediately after trail formation. This corresponds to
a line of sight drif't of one wavelength at the transmitted
frequency of 27 mcs; i.e. 11.2 metres. Hven if another of

the measured points on the trail was subject to zero wind
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drift, the deformation of the trail during the interval of

measurement is small since reflection point separations are
of the order of hundreds of metres. Thus the trail may be
assumed linear.

The sampling method involves the measurement of velocit-

ies perpendicular to the separation parameter, and is thus of

the form specified for the transverse correlation of Chapter
II, Section h.

To perform the mean wind extraction, the NS and KW mean
wind components for each of the three height groups centred
about 80, 90 and 100km are tabulated hour by hour. A linear
interpolation is used to determine the mean gradient for esch
hour above and helow the 90km level. All subseguent reduct-
ion utilizes the velocity components at the 90km level, and
the appropriate gradient, depending on whether the reflection
point lies above or below this height. The height of the
echo received at the main station is computed directly from
the wind records (see Chapter V). The height of each out-
station echo is calculated relative to this height, from the
direction cosines of the trail itself, and the separation of
the reflection points. The information for this purpose is
obtained from the orbit data. ‘hereas the main station re-
flection point determination is subject to errors of the

order of *3km, the height differentials are measured to %20
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metres. The mean wind velbcity appropriate to the mean solar
time of the echo is then calculated for each of the ‘three re-
flection points. The line of sight components of the mean .
velocities are then subtracted from the line of sight drifts
as measured from the Three-station Recorder film to give the
velocities of the turbulent flow field. The RMS value of the
turbulent velocities for all echcoes in a given month is taken
as the velocity characteristic of the energy bearing eddies.

9.3 Turbulent Velocities as a Punction of Separation.

The two impoftaht quantities which can be related to
separation are the turbulent velocities and velocity differ-
ences.

The transverse correlation function given in 2.4.1 is
| w(x)u(x+E)

[P ) )]

This can be redefined'as
su{x)u(x+s)
[ 2® (x) 202 (x48) ]

g(g) =

hV

since, in forming the means for a given &, the number of
echoes of that separation is common to both numerator and de-
nominator. In practice.the summations are made over discreet
intervals of & in 200 metre steps, commencing at a separation

of 100 metres; all reflection point velocities with separat-
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ions § less than 100 metres fall in the first group, all with

separations of more than 100metres but less thanVBOO metres

in the second and so oﬁ. | |
The RMS turbulent velocity differehces for a given sep~.

aration are found for similar intervals from

[2fe )’

where uj, uj are the line of sight turbulent velocities
measured at reflection points ¢ and j of separation &, and N
is the number of observations with this value of &.

To illustrate the method, the results for December, 1960,
the first month of the survey, are presented in detail. The
transverse correlation has been graphed (Fig. 33) according

to the relation

(equation 2.11.5)
A line of slope % 1is superimposed.
Very little significance ¢an be attached to the variat-
lon of the velocity correlation fugétion with separation.
The scatter of Fig. 33 can be explained in terms of the dis-
tinct anisotropy of the energy bearing eddies, the time dem
pendent nature of the turbulent flow, and the perturbation of

the small scele spectrum by the eddies of the buoyancy sub -~
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range. These factors are considered in detail later in this
chapter) |

The velocity differences of Fig. 34, however, do prove
to be of some consequence. To relate the RMS velocity diff-

erences to the Kolmogoroff spectrum, use is made of eguation

- 2.710.3, viz.

S L
Av = 0.83(e§)>

where ¢ 1s the rate of dissipation of the turbulent
energy. .

Various vaiues of € were substituted until the Av curve
fittiong most of the measured velocity differeuces.was derived.
During this curve fitting process, it became quite obvious
that there existed a distinct anomaly at the smeller scales,
in particular those less than 500 metres. Whereas the over-
all best fit was obtained for a value of e of approximately
300 ergs/gm/sec., the swmaller séales were better represenﬁed
by a rate of dissipatibn of energy of less than 100 ergs/gm/
sec. This is of considerable interest‘in that optical meas-
urements of the expansion of soduim and meteor trails, which
are limited by the visibiliﬁy of the trail to scales less than
500 metres, have produced & values of s@me 70 ergs/gm/sec

(see Chapter III Section 6).
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9.4 The Anomelous Velccity Differences at Small Separation.

Orie of the axioms of the Kolmogoroff theory is that all
scales of the inertial subrange are characterized by the same
value for the turbulent dissipation parameter €. The break-
down of 2.3 1is explicabie in terms of the Kolmogoroff theory
only -if{ the séales 1esé than 500metres are no longer inertial,
but comprice the region of viscous dissipation. The size of
the eddy charscteristic of the viscous dissipation subrange

is given in 2.6.4 as

- (%)

where v, the kinematic viscosity, is of the order of

!.s

~

5
10 ecms /sec at 95km.

for €

i

300 ergs/gm/sec.,
n = 13 metres.

Since the characteristics of the inertial subrange are
expected to hold down to some.five times this scale (vide
2.6.6) the onset of viscoﬁs dissipation should not be appar-
ent until separations less than 100 metres arc reached. It
would appear that some other source of energy extraction is
required to account for the anomaly.

Bxamination of Fig. 34 in gpeatef detail briﬁgs out some
other features. While the anomaly in the vealocity differ-

ences is most marked below 500 metres, there does appear to
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be an overlying periodic Qariation at larger separations,
with pericd between minima in the velocity differences bf ap-
proximately 700 metres. As has been previously mentioned,inm
Chapter III Section 3, the presence of a buoyancy subrange
can extract energy from all scales of the turbulent flow
field. These buoyancy effects become most important when the
buoyancy potential énergy per unit mass is of the order of the
turbulent translatory kinetic energy per unit mass.

‘The haoyancy potential snergy per unit mass is given by

where:%ﬁ is the eddy size characteristic of the buoy-
ancy (or Richsrdson type) instabilities, and @ is the potent-
ial temperature of the gas.

From Chapter II Section 12

1 de 1 daT |

©an = Fldh

At a height of 95km

= 950 cm/sec/sec

T =180 °a
I o« 404
am

S ‘ e
and IR =25 A/kn
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: - ‘ ~3 1.2
5. Po= 0.6 x107° Lg

By ecuating this to the total turbulent translaﬁory kin-
etic enérgy per unit mass,

A2 ‘ =3 2
ZUOV = 0.6 x 10 Lﬁ

where UO is the velocity characteristic of the enesrgy

bearing eddies.

i.e. Ly # 250, | 9.4. 1
For the December 1960 results,

Uo = 285 metres/sec

Lﬁ = 625 metres.

In all probability, the motion observed at scales less
than 600 metres is not that of the small scale regions of a
Kolmogofoff épectrum but isndue to the vertical displacement
of gas brought about by the turbulent shears. Since this
motion has a preferred direction, and involves potential as
well as Kinetic energy, the méde of energy dissipation would
be expected to be mbdified, and not to proceed as for the
Kolmogorof £ spectrums

Although the possible presence of these buoyancy scales
is considered to provide the best explanation of the small
scale anomaly, two other factors inhefent in the metecr method

of turbulent velocity measurement should not be overlooked.
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The first factor is involved in the idealized notion of dis-
creet refléction points. In actial fact theory shows that
the majority of the radio frequenéy energy reflécted from the
trail comes from the first half Fresnel zone about the spec—
ular reflsction point. The length of this half zone is given
by ‘ |
1 =4 [RoN

where Ry is the midpoint range of the echo, and N is the

(Kaiser)

radio frequency wavelength of the tpansmitted energy. For an
average range of 150km, and a A of 11.2 metres, |
1= 700 metres.

If the trail remsins straight in terms of line of sight
distortions of less than N4, fhe relative motions of points
separated by 700 metres will not be resolved. Howevef, once
distbrtiom exceeds this rather small figure, lengths of trail
of only a few wavelengths will give rise to echoes of amplité
ude very little less than that from tﬁe whole half zone.
This effect has been demonstrated most conclusively by Greeﬁw
how and Neufeld (1959b) using a precision radar with a resol-
ution of the order of better than 10 metres at a range of
200km. The effect places a lower limit on "discreet" echo
separatiom of some 50 -~ £0 metres.

The other factor, that of reflection point motion along

the trall under the influence of wind shears, has been treated
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in detail in Chapter VI Section 3. This effeét has beén
shown to place a lower limit of some 200 metres on the meas-
urement of reflection point separations.

Since both.these limits are associated with scales much
1eés than those affected by the observed ancmaly, the pres-
ence of the buoyancy subrange with a scale of a few hundred
metres seems Peasonébly well substantiated. |

9.5 The Larpgc Scale Irvregularities.

In any attempt to extend the turbulent flow field to
scales outside the range Of measurement, considerable caution
must be excercised. However, the good agreement obtained
between tbeory and experiment over the 1km to 2.5km region;
coupled with the experience of meteorologists obtained at
lower heights, does inspire some confidence in an extrapolat-~
ion to the size of the energy bearing eddies,

The relation between the scales of the inertial subrange

is given in terms of the turbulent dissipation energy € by

e 9a5.1
(Batchelor, 1953)
where U is the velocity of 2 eddies of scale I,» A 1is
a constant (of order'unity) whose value depends on the def~
inition of L,
It the scale of an eddy is defined as the distance over

I3

which the velocity of that eddy falls from its characteristic
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value to zero, the velocity difference relstion of 2.10.3
(which~has~been shown to abply to measurements made in the
" meteor Pegion at separations up to 2.5km) may be used to det:-
ermine L.

Rearrangement of 2,10.3 yields

e[ L]Y
_ 5.7 4 T

with & replacing the separation length &.

1 9.5.2

From the December 1960 results, the velocity of the en-
ergy bearing eddies was 25w/sec, and the turbulent dissipat-
ion rate 300 grgs/gm/sec. Substitution in 9@5,2 gives the
scale of the energy bearing eddieé as

= 95km.

This is comparable with the scales of 60 to 250km for
thevenergy beéring,eddies as measurced from their time correl-
ation by Greenhow and Neufeld (see Chapter III Section 5).

For eddies of velocity 25 m/sec and scale 150km, as
measured st JodrellyBank, 9.5.2 gives a turbulent dissipation
of 200 ergs/gm/sec, which is of the same order as the Adelaide
results.

The reason that the expression 9.5.2 seems to be more
consistent than 9.5.1 with.A.unity, which latter is5 well sub-

stantiated in measurements of laboratory turbulence, probably
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arises from the anisotropy of the turbulent flow field under
investigation and the redefinition of the.charactefistic
scale involved in its application. IFor the purpoées of this
thesis tﬁe relation 9.5.2 is used as an empirical tool;
further work on its derivation is contemplated at a later
date.

9.6 TFurther on the Degree of Anisotropy.

Three values of 1line of sight turbulent velocity are ob-
tained from each meteor trail observed. These vélues of tuPn
bulent velocity have been gfouped’for all echoes in the month
according to the zenith angle Z of the main station reflect-
ion point; because the separation of reflection points is
less than 3km at an average range of 150km, there is only a
small variation in the zenith angles of arrival of the sig-
nals associated with each echo as received at each of the
three stationé.

The RS turbulenf velocities for intervals of cos? of
0.05 are plotted in Fig. 35. The veloclties decrease with
decreasing zenith angle, until, for echoes nearly overhead,

a value of appboximately 10 m/sec;ié observed,

If the height correlation interval of 6.5KM observed by
other workers in this field i1s taken as the characteristic
eddy length in the vertical direction in the equation 9.5.2,

=

then, for a turbulent dissipation of 300 ergs/gm/sec., the
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characteristic velocity of such an
9.5.2 1is considered, as originally
difference/separation relation for

eddy subrange, the scales to 6.5km

eddy is 10 m/sec. If

derived, as the velocity
an isotropic, inertial

could belong to such a

subrange.,

The charadteristic veloclty of the turbulent flow rfield
(considered as isotropic) has been determined‘as 25 m/sec;
the RMS vertical Velocify~is 10 m/sec; thus, regardless of
whether or not a Kolmogoroff spectrum is assumed, anisotropy
of the large eddies with the méximum dimensign horizontal is
certainly well established. |

9.7 The Variation of the Velocity Difference with Height

Difference.

To investigate the relation between turbulent velocity
difference and height difference, the analysis for spacial
separation was repeated, using height differences as the

length parameter, regardless of the actual spascial separat-

ion., To obtain a measure of the variation of the spectrum

function E(Ah), the logarithm of the squares of the velocity

differences has heen plotted againsﬁ the logarithm of the

»

neight differencesg Ah, The result is shown in Pig. 36, The

4

5 also plot

i3 ted. While there is

best fit line of slope 4/3

considerable scatter, agreement is generally good, The

height differentials would appear to be indicative of a tur-
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bulence subjected to shear.

Zxtrapolation of the hest fit line tg a ?alﬁe ot
of 625 (corresponding to the characteristic turbulent veloc-
ity U, of 25 m/sec.) yields a scale of 6. 7km. Since the
spacial separations follow the isotropic Kolmogoroff spec-
trum, the 4/3 power law for the height differentials per-
tains to a region of small shear, which, if the‘extpapolaﬁion
to the ohafacteristiC”velocity is valid, should hold up to

6km.

9.8 The Variation with Time of the Characteristic Velocity

of the Energy Bearing Eddies.

To determine the variation of the magnitude of the char-
acteristic velocity of the turbulent flow field throughout a
typical day, the turbulent velocities Lfor eazh echo are sub-
jected to an analysis similar to that used to derive the mean
wind. There is, however, the added complication of the vert-
lcal motion which must be considered in any attempt to resolve
the turbualent velocities in the NS and BY directlions. This
problem does not arise in the mean wind analysis since mean
vertical wmotion is very small relative to the horizontal vel-
ocitys,

The effect of the vertical motion (taken as 10 m/sec)
was removed by subtracting from the magnitude of each turhul-

ent velocity measurement the component of the vertical motion
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in the line of sight direction. The resultant was assumed- to
be the line of =ight component of a horizontal turbulent mot-
ion. The radical assumption is now made that the azimuth of-
the line of sight is as likely to be the true direction of
horizontal turbulent motion as any other direction. Frovided
that a sufficient number of echoes randomly disposed in azi-
muth is observed over a sufficieﬁtly long period of time, the
RMS values of the turbulent velocity components in the N3 and
EW directions determined by the foregoing method will be a
good approximation to the true values.

The hour by hour turbulent velocity components for
December, 1950, are presented in W#ig. 37, together with the
mean wind fcr the height range 85 - 94 km. The curves are
the result of a Fourier analysis truncated at the second har-
monic, i.e. mean plus 24 hour an@ 12 hour components.

The RES turbulent velocity has its saximum value in thg/
early morning, and is a minimum during the late evening. If
the turbulent and mean wind velocities are compared on the
basis of magnitude alone, there is no dofrelation9 as was
found by Greenhow (see Chapter 3 Section 4). If, however,
relative phases are considered also, then some dependence is
gvident. The maximum turbulent velocity is associated with
the change in mean wind from meridional to zonal, and the

minimum turbulence with a mean wind change from zonal to
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Further comments are made on the time dependent nature
of the turbulent flow field in Chapter XTI, aftér considerat—
ion of the 1961 results for January Lo December inoluéife.

9.9 The Characteristic Dissipation Length A.

The characteristic dissipation length A can be estimated

by solving the eguation

(2.7.1)

300 ergs/gm/sec

by
O
3
€
it

Up= 25 metres/sec

5
10 . sq.cm/sec

]
ol
[o))
<
it

¥
]

tie 7 km

A similar value was obtained from Greenhpw's velocity
correlation function in Chapter III Section 3. This is some-
what sufpfising, since Greenhow's correlation function dogsg’
not describe the total turbulent flow field, but only the
scales to 6km. Because of this, and the time dependent nat-
ure of the turbulence, it is felt that no great significance
should be attached to this agreement.

9.10 "The Reynolds Numbepr.

The value wof N determined in Section 9 is probably ac—
curate tc within a factor of 2, and it is of interest to cal-

cnlate the value of the turbulence Reynolds Iumber defined in




148
Chapter II Section 8 as

UpA

- v
Substitution of the appropriate value yields

R}\nl!.xioa
which is of the same order as the critical value en-

counteredrin laboratory turbulence.
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CHAPTER _X.

The Results for 1961.

This Chapter is devoted to a discussion of the seasonal
variations of turbulence parameters as deduced from the data
for each month of 1961, January to December inclusive.

10.1 The Velocity Differences.

The mean wind analysis has not as yet been completed for
ail mbnths of the year. Whereaskthe total turbulence survey
involves some 1800 three station echoes SQread over the thir-
teen months, the mean wind reduction requires at least 1000
singia siation echoes per month., Once available, the pro-
cessing of the data on the computer involves only a few hours
for each month; the time consuming portions of the reduction
are the initial €ilm reading and the subsequent card punching.

Before any mean wind information was available, the vel-
ocity diiferences with separation for several months were
computed on the basis of zero mean wind. “hen the mean wind
extraction was subsequently performed and the data repro-
cessed, the.velocity difference/separation relation for each
month>wag fdund to be almost identical to that obtained by

agssuming zero mean wind. This is really not suvrprising when




150

& Km.

26

+
1

18 20 22 24

}
T

JANUARY 1361

16

T

T

14

12

10

N=88

N TN

I~

101

1 i
— } {
8 6 /4

(995 /WY

o~ [en]

o
% .
1" /m
6 —t
- Pﬂ _ wh
~3
j Ty
_ i IR
ﬂ o
} o
/ + &
/ 1o
\ 1w
/ 1>
o~
— , Lo
90
55 / 1o
b Lo
(hd .
<7~
o T°
mwn 4]
= L
Ll
L. 4o
: r } L~
¥ 8 2 e © 8 o 09
(9S/W)y

Fl1G.38



151
éne‘considers the factors which can influence this relation.
The mesan héight gradient is always less than the turbulent
gradieht, and thus has only a small effect on the measu?ed’“/
velocity ﬁifferentials.

The value of the turbulent diséipation rates calculated
from the velocity differences for January, February, April,
May, October and Noﬁeﬁber, for which the.mean wind has not
been taken.into account, should be regarded as teﬁtative,
although mo appreciable modification is expected in the final
analysis;

The histograms éf Velocity diffefences against separat-
ions for ﬁhe months.January to December 1961 inclusive are
presented in Figs; 38 to LY, together with the best fit
theoreticai curves determihed és in Section 3 of Chapter 1IX.
In comparing theory and experiment four factors must be taken
into"considéfatioﬂ:— L ' : -

i; The size of the sample., 'At.ieaSt 10 velocity'diff;
erences are required for each separation to obtain a s5ignif-
jcant RMS value. This is usually achieved for values of sep-
aration up .to 2.6km.‘ In general, the total number of echoes
in each samble has to exceed 80 (yielding 240 velocity diff-
emenqgs),inqon@erw§o obtain significant velocity different-
ials fof a giveﬁ month. For the early months of the year,

the echo rate was reduced because of eduipment troubles. This
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is reflected in poor fits to the theoretical curves for these
monﬁhs.‘ | |

2. At scales less than 200 metres anomalous velocity
differentials are prevalent, due to the inaccuracy associated
with the separation measurement brought about by the phenom-
enon of reflection point motion (see Chapter 6 Section 3).

3. The observations show a marked deviation from the
theoreticai curves at-separations less than approximately
1km, and, to a lesser exfeni, an overall periodic fluctuat-
ion. This has élready beenAeXplained in terms of the action
of buoyancy forces. In general, these effects are greatest
for ‘'the more disturbed months in which the turbulent dissip-
ation rate exceeds 450 ergs/gm/sec. 1In fact, for August 17th
to 24th it is almost impossible to decide on the best rit
curve for the estimation of €, and the actual dissipation
rate for this month is probably somewhat less than that est-
imated. -

4. The fourth{%actor involves the time dependence of
the turbulént flow field; which has already been demonstrated
for December, 1960, and whicﬁ is confirmed by the other )
months anslysed in Section L4 of tpis Chapter. The turbulent
dissipation rate is expected to depend upon Up, the velocity
characteristic;of the energy bearing eddies. The diurnal

variation in Ué is of the order of 2:1. Thus the turbulence
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1
\
ébectrum will be time dependent,.and the histograms of Figs. 1
38 to uu.wepreSentafive,of an average over. the. characterist-
ically different turbulent flow fields which exist-throqghqut
the day. If, for any reason, the sampling rate is not uni-
form, the spectrun determiﬁed\wili be biased towards the con-
“ditions pertaining during the high rate hours. 1In general,
these will be the early morning hours, since the earth
"sweeps up" more metebrs at 0600 hours than it does at 1800

hours.

10.2 The Seasonal Variation of the Turbulent Dissipation-
Rate €.

The € values of the theoretical curves fitted. to the re-
sults of Section 1 ére considered fo be the best estimates
yet determined of the turbulent dissipation in the 8Q to 100km
region of the upper atmosphere. - .

In determining these values, the value ofa , the constant

of proporticnality in the expression’

i
2 _
E(k) = ae’k

2]

has teen taken as 2/3 (see Chapter II Section 10).
The value of € determined from the velocity diffefenée/
. separation relation | -

2
3 B

AP = L.82a(€E)
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depends on o 2,

If ¢ 1s taken as 1.0, then the Penwltant turbulent
dissibatian‘rates will be approximately halt those given in~
Fig. L45a. ( See Chapter XI, Section 7. ) |

bUnfOPtunaﬁely, the upper limit of € is not‘well estab-
lished, sinée increased turbulence is accompanied by increased
activity of the buoyancy sgbrance, and the velocity differ~-
énces no longer fdllow the Kolmogoroff spectrum. Neverthe-
less, the relativély smooth rise in_g'eatablishes the equi-
noxial maxima, and the maximum value of 750 ergs/gm/sec is
probably a reasonable, if somewhat high, estimate,

It ié oflinterest to compare the seasonal variations of
£ and the three components of the mean wind as shown in Fig
L5, The prevalllng and semidiurnal components do not appear
to be in any vway related to the turbulent dlSSlgatlon, but
the behaviour of the magnitude of the 2u hour component
throughout the year 15 very similar. This suggests that the
turbulent flow field may have its origin in the diurnal var-
iation of the mean wind. | |

10.3 The Dependence of the Velocity Differentials on Height

Differences.

The velocity differentials as a function of height diff-
erence have been calculated for those months for which the

mean wind is available. The results are presented in Figs.
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L6 to 52 inclusive. Most of the scatter in velocity differ-
ence for eackh month appears to be periodic and most prevalent
below height separations of 1km, due, a£ least ih part, to» —
the action of the buoyancy subrange. Results for all months
tend to follow the h/j power law indicative of shear with
height. Théfe is only a smali variationvthroughout the year
in the turbulent velocity gradient as given by the RMS vel-
ocity difference measured over a height‘difference of 1km.
The best £it lines of slope L/3 correspond to gradients rang-
ing £ rom 7.5 metres/sec/km (June) to 9 metres/sec/km (Septem-
ber).

In an attempt to determiné the vertical correlation dis-
tance, the plots of Figs. 46 - 52 have been extrapolated to
the values of E(Ah} fepresentative of the characteristic vel -
ocities of the energy bearing eddies. Because of the aniso-
tropic nature of the large eddies, the characteristic veloc- g
ity’ﬁo determined as the RMS over all the line of sight tur-'
bulent velocities measured in a given month (see Chapter IX
Section 2) is not the actual velocity characteristic of the
predominantly horizontal large scéle turbulent flow. How-
ever, the velocity Up does characterize the flow as determ-
.ined by line of sight observations. |

“The vertical ‘dorrelation distances thus determined range

from 5.5km (July) to 8.9km (September). This variation in
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scale may represent a seasonal change, but since the statist-

ical significanee of these values has not been examined, they
are included onl& as substantiating evidence for the validity
of the L4/3 power shear law at the scales measured, since ex-
trapolation from these scales yields a vertical correlation
distance similar to the value of 6.5km observed by other
workers in this field.

10.l4 'The Seasonal Variation of the Turbulent Velocity.

The hour by hour turbulent velocity components, together
with the mean wind for the height range 85 to 94km for the
months of March, June, July, August, September and December,
1961, are presenied in Figs. 53 to 59 inclusive.

The maximum turbulent velocity is, on the average, less

than half the mean wind meximum. Hour by hour variation in

the turbulent velocity is evident fo: all months; the maximum
turbulent velocity occurs in the early morning in the summer,
and in the late afternoon in the winter; in general the min-
imum value is attained some 8 hours before the maximum. It
is encouraging, in considering these seasonal variations, to
note that the results for December 1961 show all the general
features of those for December 1960. The overall increase in
the December 1961 turbulent velocity is- presumably due to the

increased complexity of variation of the mean flow.

7
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10.5 Summary of the Seasonal Variations of the Parameters

Specifying the Turbulent Flow Field.

A summary of the parameters of the turbulent flow field
as determined for“eaéh month of the survey is given in Table

I, under the following headings;

€ Turbulent dissipation rate,ergs/gr/sec.

Uo .Characteristic velocity of the energy bearing eddies,
metres/sec,

Lo Charactéristi; scale of'the énergy bearing eddies, km.

Ué RMS vertical velocity, meﬁres/sec. '

L, Vertical correlation distance, Km. \

PB Chabacteristic scale of the buoyancy sﬁbrange, metres,

Tmax Maximum observed rate of reflection point motion along

meteor trail, km/secs

Trms RMS value of
Thean Arithmetic mean of. . A
§grad RMS velocity difference across 1km of trail, m/seq/km.

RHS vel., difference across 1km height diff., m/sec/km.

Ahgrad
A Characteristic dissipation length associated with the
_energy bearing eddies, km.

Rh Turbulence Reynolds number,

N‘ . No, of meteors observed during each month.




TABLE I

€ Uo Lo Uy | Lz I‘ﬁ Tma;; Tirms Tmeanfgrad&grad A | e N
DEC 60300 | 25| 95| 10| 647 600 | =3,2 | 0.70| 0405| 5.6| 741 | 146 Lo2x107| 104 ]
JAN 61 | 365 | 2.3 | 0,66 | -0.04| 5.8 88
vm 61 | u50 N | =649 | 0498 | =0,00| 6.4 , | 77
MAR 61 | 600 { 30| 66| 13| 648 900 |-=7.1 | 0481 | =0,09| 7.0| 8.6 | 15| L.6x10° 116
APL 61 | 350 4e6 | 0a71| 0.13| 5.8 56
MAY 61 |276 5.0 | 0468 | =0,00 | 5.1 169
JN 61 [309 |27 | 111 | 10| 648 | 700 | 246 | 0,61 | 0.00| 5.6| 7.5 | 1.9 | 5.1x10° | 145
JY 61 {416 |23 | 50| 12| 5.4 | 600 | Le3 |0s66 | 0:00| 642 7ol |1l | 3.2x40°%] 1L
A(1-6) | 530 | 33 | 121 | 12| 8.1 800 | 3.4 | 074 | 0.00 | 647! 748 [1.9( 6.3x10°| 80
(17-24) 750 | 35 | 95| 14| 7.6| 900 | 7.3 085 | 0404 | 7.5| 9.0 | 1.5 5.1x10°| 124
SEP 61 | 642 | 4O {177 | 13| 8.9 | 1km | ~he6 | 0483 | =0.06 | 7.2 | 9.0 | 1.9 | 7.6x10° | 219
|ocr &1 |y22 3.1 | 0473 | =0.06 | 6.2 | R EET-N
NOV 61 | 362 | -2.1 | 0.63 | =0.08 | 5.8 | 95
DEC 61 [L11 |26 | 76| 11| 641 650 | ~4s0 ] 0u7h [ =0.08 | 6.1 | 7.7 |1.5 3.9x10° | 107
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CHAPTER XI.

Atmospheric Turbulence at NMeteor Heights

11.1 The Energy Bearing REddies.

It has been shown in"Chapters IX and k that the magni-
tude of the atmospheric turbulence encountered in the meteor
region is time dependeﬁt; diurnal as well és sgasonal variat-
ions are qite marked. While no direct observations have

"been made of the'large scale turbulent motions, other than
the determination of their characteristic velocitiés, their
properties as predicfed by extrapolation from the smaller
scales afe in good agreement with the obsérvatiohs made at
Jodrell Benk. The observed monthly averages of‘the charac-
teristic velbcitieé of these eddies range from 20 m/sec. to -
Lo m/sgc., and their predicted horizoﬁtal scales from some
60km to Zmﬂkm; duriﬁg individual months éﬁaracteristic vel-
ocities as low as 15 m/sec. and as high as 60 m/sec. have
been measured..

The vertical scale of these eddies has been predicted by
é%trap613ﬁion. Thé‘vertical correlation distance of Tkm thus

determined is- the same as that found from other radio and
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photographic observations of meteor trails, and also from
the results of rocket experiments.

Whereas the 1argeiscale eddies have been shown to be g
possible extension of the inertial subrange, their relation-
ship to the mean flow at meteor helghts has not been clearly
established. These large scale motions may have as thelr
origin some type of gravity wave, as has been proposed by
Hines (1959) and Long (1959). Gossard (1962) has established
that there is a mechanism‘whereby an upwafd €éscape of energy’
from the turbulent motions in the troposphere 1s possible, -
and that the gravity wave thus bropagated will produce in the
meteor region anisotroplc‘"eddies" of the scale and velocity
observed. However, there is some doubt that this energy loss
from the troposphere is of a continuous nature, as would be
required to sustain the alwaés\observable turbulencé in the
meteor region. | |

11.2 The Small Scale Structure,

The turbulence investigation at Adelaide has concen-
tfated particuiarly-on scales less than 3km, since the eddies
in this range have, in the past, been the subject of consid-
erable controversy. It has been shown that the theories of
homogsnsous turbulence can be successfuily applied to the

data obtained from the radio echo observations of méteors,

and that these results can be reconciled with the photographic
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me teor and rcckef results by assuming the presence of what
has beenf%ermed.a}buoyancy subrangg of eddy scales. The ex-
istence of such a subrange was first proposed by‘Bblgiano,in—
1959; his theory as applied by Dougherty (1961) to Greeﬁhqw's
results, however, produced a rahge of scales less ﬁhan 100»
metres and did nothing tg resolve the difficulties associated
wi'th the interpretation and reconciliatibn of radio andv
photographic observations. The_approach éd0pted in Chapter

IX Section L predicts that the characteristic eddy of the

buoyancy subrange at 95km is simply given by

Ly =25 To : (9e4.1)

where Up is the characteristic velocity of the energy
bearing éddies of the Kolmogoroff turbuience_spectrum. Since
Uo varies from some 15 m/sec. to 60 m/sec., then

LOO metres < Ly < 1.5knm, /

which is of the right scale to gualitatively explain tﬂé‘
small scale anomaly. |

An intéresting comparison can be made with the results
obtained by Rofe from rocket borne grenades (see Chapter III
Section 6). The size of the '"cells" reéponsible for the
‘yertiqalzfluctuations observed has been given by Rofe as 500
i.métres‘a% 50km apd 1km at 100km. If Rofe's '"cells" are the

characteriétic eddies of the buoyancy subrange, then according
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to 9:L.1, they would be expected to be assoclated with tur-

bulent winds of 20 m/sec. and 4O m/sec. respectively. The
random wind components at the time of the firing from which-—
Rofe's values are derived can be roughly estimated from Fig.
60 as the deviation of tHe measured windspeed profile from
the mean wind determined by the meteor method. The relevant
turbulent velocities are 15 m/sec. and 50 m/sec. The égree-
ment with the predicted values is surprisingiy good.

11.3 The Isotropic Inertial Region.

Once allowance is made for the buoyancy subrange, the
velocity differentials closely follow the Kolmogordff iso-
tropic inertial spectrum up to thé jkh separation'limit im-
posed by the threé station geométry, Since the extrapolation -
of this spectrum to 6km gives the observed RMS vertical vel-
ocity (Chapter IX Section 6) one Qould expectﬁthe isotrdpic
inertial region to extend out to this scale.. This is con-
firmed by the behaviour of the heightfcorrelation of Green-
how and Neufeld as treated in Chapter III Section 2, and by
the résults of Blamont and De Jager as revised by Zimmerman:
(Chapter III Section 7).

11.4 The Height Shear.

B The velocity shear with height is one of the most inter-
“estiné propertiest of the meteor region. The vertical correl-

ation distance has been established almost conclusively as>
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being 6 to Tkm. The most unusual feature of this correlation
| distance isAthe fact that it appears to define an actual,
stable stratification of the region. Evidence of this comes

- from the high power pulse soundings of the lower ionosphere
vy Gregory (1961), who has shown that the maximum fluCuuatlonsv
in the electron density profile in the 55km to 95km region
occur throughout the year at preferred heights approximately
10km-apart,*with the greatest fluctﬁation located atv80km.

i The reason for the stability ofbthis stratification is as yet
z unknown. | ‘

The rocket investigations carried out by Rofe and 6thers
show a turbulence cutoff at just over 100km, which is probably
j due to the raﬁid increase in the kinematic viscpsity,&béve
| this levels Whiteheéd (1961) has explained the stratified
}rnature of gsporadic E ionization in terms of thé bccasional
'»extension into the E region of thevtufbulent motions observed
- at meteor heights. Unfoirtunately, because of the rapid
diffusion of meteor trails above 100km, nt data pertaining
to atmospheric motions at these heights is available from the
- Adelaide turbulence survey of 1961,

11,5 The Turbulent Dissipation Energy €,

In the dimensionally derived expression for the turbulent
energy spectrum of the inertial subrange, viz.

2 _5 . :
E(/‘C) = aedk ° ( 20605 )
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the value of o has been taken as § ( see Chapter.II, Section
6). Thiswiaad§;v15ﬂthe velocity difference/separation relation
of 2.10.3 to values for the turbulent dissipation rate € of—
from 300 to 600 ergs/gm/sec, with an average for the thirteen
months December 1960 to December 1961 of 430 ergs/gn/sec
( Chapter X Section 2 ).

-Since the completion of the maih body of this work; an

alternative expression for € has been derived from the two

eguations defining the characteristic eddy of the buoyancy
subrange contained in Chapter II ( Section 12 ) and Chapter IX

( Section k ), viz,

[_'B:] [%i"+ g ][g_g]:z o 2.12.2})\'

i
and
%Uoz = :[."62 £ d'T 4+ T ]
T dh 114561

The expr6831on 2:1262 dlffers from that proposed by
Blamont and De Jager in that the characteristic dissipation .=
length N has been substituted for the momentum mixing length.

Batchelor gives

150002 .
€= ) (24741 )
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which yields

.'i'
Ri =

ate

[T5v o : |
N = —— U '
€ ° 11'502

pr the characteristic eddy of the buoyancy subrange .

1, and on substitution of 11.5.,2 for AN in 2.12,2

,15v L
= TUQ [E(E-&I‘ _g'_v;
' T dh dh

114563
Rearréngement of 11.5.1 givés |
HOCN
JP- 11.5-4
Equatirig 11.5.3 and 11.5.4 we _have |
15v av _ 1 “
e dan {7
i.e.
| - 300 (32.)2
dh / 114545

Since‘hhe height gradient is_not'linear, but follows the
L/3 power law of a turbulence subjected to shear ( Chapter
X Sgction 3 ) the expression 11.5.5 cannot be . regarded

as providing an absolute value for €., The equation also
relies on the existence‘of a buoyancy subrange., However,
substitution of actual valueé does lead to some interest-

ing results. Since the scale of the buoyancy subrange
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averages approximately 700 metres, the gradient is taken as ‘
the velocity~differential across this height difference. The‘
averagé gradient measured across a height difference of/700v~
metres for the 13 months Dec. 1960 to Dec. 1961 is 9 metres/
sec/km. The average echo height forAthe survey was 95km, at
which height the kinematic viscosity is 105 cﬁ?/sec,

Thus - - | |
| 30 x 10" x ( 9 x 1077)2
240 ergs/gm/sec.

If the a of 2.6.5 is taken as 1.0 instead of %, substitu-

i

€2(av)

i

tion of the measured data in equation 2.,410.3 leads to an
average dissipation rate for the year of

€(ay) T 270 ergs/gm/sec.

The revised éeasbnal variation of the turbulent dissipam
tion»rate for the thirteen months of the’Adeiéide survey 1is
presented in Fig. 61a. ‘This plot haé,been produced by a more
refined weighted mean velocity differénce pfogramme using the
valﬁe @ = 1.0, The characteristics of the seasonal variation
presented in Fig. U5 remain, but the turbulentrdissipation
rates for the low echo rate months have undergone some
modification.

7 Alse plotted are the values bf €, determined from the
Height shear across ﬁhe scale characteristic of the buoyancy

subrange for each month.é With the exception of the values of
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turbulent dissipation calculated for March and August 1st to
6th the'seaéonal variation follows a similar, although somewhat
smobther, pattern, The comparison with the mean wind components
of Fig. 61D serves to further substantiate the correlation

: Between the turbulent dissipation rate and the 24 hour
jvcomponent‘bf the mean wind at 90km. | | |

| A programme is being developed to determine an average mean
: wind speedxweighted towards the high rate hours for the typical
‘ day of each month., VComparison of the:seasonal variation of

this wind speed with that of the turbulent dissipation>rate
should settle the guestion of whether or not the tufbulent‘

i energy has its source in the mean flow. »

Table II presents the revised parametérs assqciated with

the turbulent flow fields for each monthe

11.6 The Reynolds Number RXi\

| The investigatioﬁ of the sigﬁificance of the variation in
Reynolds TNumber is proceeding. However, the median value of
7 X 10° is considered to be as good an estimate as any yet

proposed for this region of the atmosphere.

Note re Fig. 61b ¢~ The magnitudes of the 2L and 12 hour

‘ components have been taken as the average of the respective

als

; hour Dby hour values: not as, the RMS of the maximum and

- minimum values, as was done in Fig. L5Db,
. *magnitudes
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TABLE II

¢ To Lo Uy Ly, L,B Thax Trms Tmean §gradAhgra_d A R)\ N
'DEC 60| 180| 26| 92| 9| 6.8 |670| =3.2 | 0.70| 0.05| 5.6 7.2 2.1 5.2x10° | 10
A% 61| 200 | 36 | 230 | 10 | 9.0 | 950| 2.0 | 0.65| 0.02| 5.8] 8.4 3.2] 1.1x10"| &8
[FEB 61 | 360 | 30| 74|11 | 661 | 790 | =646 | 0299 | 0.09] 7e1:| 9.0 2.0 6.0x10° 77
| MAR 61 | 398 | 31 | 70|12 | 648 | 800 | =646 | 0479 ~0,05 703 8.5 [ 1.9 5.9x10° | 113}
APL 61 | 363 | 28| 55|10 | 5.4 | 720 | Le6 | 075 ] 0.12 7f1 849 | 1.8 | L.9x10° | 57
MAY 61 | 160 | 29 | 45| 91748 | 760 | 5.0 | 0469 | 0.00| 5.L1 7.3 | 2.8 8.2x10° | 169
JUN 61 | 187 { 27| 99| 9| 6.8 700 | 2.6 | 0.61 | 0.00| 5.7 7ok | 2.4 | 6.5x10° | 145
JLY 61 | 242 {23 | L7 | 79| 540 | 590 | Le3 | 0666 | 0.00| 642 767 | 148} Uoa1x10® | 194
A(1-6) | 286 | 33| 120 11 18.3 | 860 | 3.4 | 0,7u | 0.00 6.6 | 8.0 | 2.4 | 8.0x10° | 80|
(17-21)| 326 |30 | 118 | 11 | 6.9 | 890 | =7.3 | 0.85 | 0.04| 6.9 | 9.k | 2.3 | 8.4x10° | 12U
SEP 61 | 3L5 | LO | 177 | 12 | 8.5 | 1km o6 | 083 | =0.06 | 7.0 9.5 | 2.6 | 1.0x10" | 219
OCT 61 | 207 |32 | 145 | 10 | 748 | 820 | =3.3 | 0a71 | =040k | 5.9| 7.9 | 2.7 | 8.5x10° | 164
NOV 61 |17h |27 | 102 | 9| 648 | 690 | 2.2 | 0ebly | 0405 | 5.6 | 7.3 | 25| 6.6x10° | 95
DEC 61 | 214 |26 | 78| 9| 5.9 | 680 | =L4eO | 0u7h | =0,08 | 6,0 | 749 | 242 | 5.7x10° | 107
Legend as for Table I, P178.

06!
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The Future

\,ASIPPQ§§nted in the foregoing chapters, the treatment of
the data obtained from the 1961 survey 1is by no means ex- )
haustive. An attempt has been made to overcome the fundéﬁén—
tal difficulty of ascribing absolute values to the turbulent
dissipation rate, but this relies heavily on the existence of
the proposed buoyancy sdbrange.' A correlgtion énalysis which
endeavours to derive the characteristic scale 6f the buoyancy
sdbrange.frém the measured velocity shears isrproceeding.

However, the rocket borne grenade experiment would seem to be

the best for direct observation of the buoyancy subrange, and

analysis'of more data from this source could prove profitable.

As has been mentioned in Chapter IV Section 5 the decay -
time of meteor echoes can be used td,méasure the coefficient
of ambipolar diffusion at méteor heights.’ Suchvmeasﬁrements
of diffusion coefficient show considerable scatter which, to
date, has not been explained satisfactorily. VPressure fluc;ﬁ
tuations ariéing from the turbulent shears could contribute

‘to this scatter.
An atfempt is being made to apply the Hines/Long theory

of gravitational waves to the motions observed during the
1961Msurvey. The energy spectrum predicted by Hines is gen-
erélly similar tb?that bbserved, but the discrepancies are

nore readily explicable in terms of the Kolmogoroff<3pectrum

S B

\v
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modified by the influence of shearing and buoyancy forces.

vA furfher investigation of‘the random motions at these
heights is contemplated, using much higher transmitter power.
A pulsed transmitter With a measured peak power output of
LOKW has slready been built, and a 1.5KW CW transmitter is in
the process of construction. At this power level, the echo
réte will be several times higher than that of the 1961 sur-
vey; this éhould enable several velocity difference/separat-
ion histograms to be produced éach "typical" day, and‘pfovide
further insight into the diurnal variations of the turbulenée
pafametersc'

The use of highly directive antennae is also contemplat-

‘ ed, since these will allow direct measurement of the time

constant of the energy bearing eddies and simultaneous spac-~
ial correlstions to be determined. vIt is proposed to incor-
porate a fourth station at much'gréater separation to verify
the isotropy of the eddies‘Of scale € to 7km. The results
obtained from this project should also determine‘whether.or
not the seaéonal'change in the vertical scale is significant.
The fact that the mean flow is latitude dependent has
been established by simultaneous observations using the met-
eor method carried out at Mawson (6808), Adelaide (3508) and
Jodrell Bank (53°N). Three-station measurements - have also

been made at Jodrell Bank, but not on a seasonal basis,




Under the Harvard Meteor Project a multi-station orbit sur-
vey is in.progress, but unfbrtunately no provision has been
made for wind measurement. Several multi-station experiments
carried out simultaneously at different latitudes would sig-~
nificantly increase our knowledge of this very interestiﬁg

region of the Upper Atmosphere.,
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APPENDIX T

IBM 1620 FORTRAN programmes for Mean Wind Reduction.

List of input/output variables as they appear in

Programme 1190A.

ERORX, ERORC Maximum allowable errors between traceé as read

SCALE

MO
Jo0
IH
i
UR
KM

WAVE

from Hean Wind Film.

Allows for camera and film reader optics in
convéfSion bf distance between adjacent doppler
maxima to line of sight trail drift velocity :
Year

Month

Day

Lo¢al time, hours

Local time, mins

Echo number ~ |
Midpoint echo range (St. Kilda) as read from
£ilm '

Distance between adjacent doppler maxima

MA, MB, MC, LA, LB, LC, LD

ML

Distances measured between doppler maxima on
the DF traces, subseqguently used in the
directiéﬁ finding routine.

Checks tha£ input daﬁa is of the correct

format.
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THLY Liocal time, hours and mihs

EL, EM Direction cosines of reflection point from
 St. Kilda, Adelaide-St. K as Y axis.

EL3, EM3 Midpoint direction cosines, inciuding aerlial

corrections and rotation to NS-EW axes

KET  Echo height, km.
‘LEVEL : Height group, 1  75-8L4km
-2 85-94km
3  95-104km
T Local mean solar time, hours
NFL EW drift responsible for line of sight
| | ‘component
NEM NS ditto. |
MVEL, VEL Measured line of sight drift velocity
MCBy MX Errors involved in determinatioh of EL, EM

This is the first of three programmes designed to convert /?

the data read from the mean wind recording display film to

a mean, diurnal and semidiurnal components of the wind,at

meteor heights. Data is processed in monthly batches, and the

 final result ( output of 1190C ) gives the winds for a
typical day of each monthe. This first programme involves
processing card‘@y card, each .input card producing one

output eard.




c) UPPER ATMOSPHERE WIND ANALYSIS, _ (METEOR GROU
P : '
C FILM READER DATA PROCESSOR, PUNCHES CARDS, PRINTS ERRORS
READ270,ERORX, ERORC
270 FORMAT (FL4.2,FL.2)
READ272,SCALE
272 FORMAT(F6.0)
8 READ11
11 FORMAT(31H : )
PRINT11
256 READ210,MY,M0,J0,LH,LM,UR,KM WAVE MA,MB,MC,MD,LA,LB,LC,L
D,ML
ilO §OR4AT(|2 13, |3 13 12,F6.0, 14, F5.0, 14, 14, 14, 1L, ik 1L 1k
k12 . : . , :
LHLM=100%LH+LM
IF(M0)301,10,262
10 PRINTL3 :
43 FORMAT (41HLOAD MORE DATA, SET PAGE, THEN PUSH START)
PAUSE
GOTO8
301 PRINT302
302 FORMAT(1H 20HEND OF METEOR DATA )
STOP
262 MB=MB+LA-~LB
MC=MC+LA-LC
MD=MD+LA-LD o
A=MA -
B=MB
C=MC
D=MD

204
202

201
203

205

206

1190A UNIVERSITY ADELAIDE ROPER 313

VEL=SCALE /WAVE
ALAMB=ABSF (WAVE )
AL=A/ALAMB

BL=B/ALAMB

CL=C/ALAMB

DL=D/ALAMB
IF(AL=1.0)201,202,202
AL=AL-1,0

GOT020kL
IF(BL~1.0)205,203,203
BL=BL-1.0

GOT0201
IF(CL=1.0)207,206,206
CL=CL—1.0

GOT0205




207
209

203
211
212
213

IF(DL-1.0)2083,209, 209
DL=DL~1.0.

GOTGZ07

CONTINUE
IF(CL-DL)211,212,212
XL=1.0+CL~DL

GOT0213

XL=CL-DL -

CONT INUE

MASS=VEL

MVEL=VEL

EL=-AL

EM=-BL

XLC=(EL/2.0)~ (EM/Z 0)+0.5

- NEXT=1

O
\O

—h
(@)

—
N

—h
—

— ) — —t —r — —d —
—_ et (O SO QO OO OO0
VT P~ O W Oz AV o R

-
—
o

117
118

N1X=0

X=XL

X1=XLC -

ELL=ERORX

CONTINUE
[F(X)101,103, 10&
X=X+1.0.

GOT0102
IF(X-1.0)103, 103 105
X=X-1.0

GOTO104
IF(X1)106,107, 108
X1=X1+1.0

GOT0103 .
IF(X1-1.0)107,107,109
X1=X1-1.0

GOTO108
IF(ABSF(X=X1)=ELL)11

5,115,112
LF(ABSF(X=X1+1.0)=ELL})116.116,113
LY117.117,118

IF(ABSF(X~X1-1.0)-EL
AMISS=X~X 1

GOT0110
AMISS=X~X1+1.0
GOTO110
AMISS=X~X1-1.0
GOTO110

AMISS=X-X1

S eoTET I

110

—
— e
_p'._n

MZ=+1 2
GOTO114L

MZ=—1 :
AMISS=AMISS*100.0

197
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499

500

501
214k

216

219

217
224

31k
98

MISS=AMISS
IF(NIX)499, 499,50
XL=X

XLC=X1

MXZ =MZ

MX=MI1SS

GOTO0501

CL=X

CLC=X1

MCZ =MZ

MCS=MISS
GOTO(21k4,219,229, 237, 243, 251), NEXT
NSTAT=1 |
|F(MXZ)216,215,217
EL=1.0-AL
XLC=(EL/2.0)=(EM/2.0)40.5
NEXT=2

GOT099

NSTAT=2
IF(MXZ)218,215,221
IF(MASS) 22k, 215,225

EL=AL

"EM=BL

CLC=0,75~(1,25%EM)
GOTO31L
CLC=(1.25%EM)+0.25
NEXT=3 :
NIX=1 o ol

- X=CL

229

226
230

232

313
237
221

X1=CLC
ELL=ERORC
GOTO10
NSTAT=3

1F(MCZ)226,215,238

[F(MASS)230, 215 232
EL=AL-1.0 |
EM=BL-1.0
CLC=o.75—(1.25#EM)
GOT0313

EL=1,0-AL

EM=1,0~BL
CLC=(1,25%EM)+0,25
MEXT =L

GOT098

NSTAT =L
|F(MCZ)23L,215,238

| F(MASS)239,215,241




241

242
243

245
247

2L9

250
251
238

255

12
14

) EL=AL-1.0

EM=BL
CLC=0,75-(1.25% EM)
GOTO02L2

EL=1.0-AL

EM=-BL
CLC=(1.25%EM)+0.25
NEXT=5 :
GOT098

NSTAT=5

IF(MCzZ)24L5,215,238
IF(%ASS)247 215 249
EL=AL

EM=BL-1.0

CLC=0.75-(1. 25 *EM)

GOT0250

EL=—AL

EM=1,0-BL

CLC=(1.25%EM)+0.25

NEAT=6

GOT098

NSTAT=6

IF{mMcz)252,215, 238

CONTINUE

RANGE=KM

EL1=EL+0.0k

EM1=EM

ZENTH=(EL1%%2)+(EM1%%2)

1F{0.95- ZENTH)B]Z 255,255
CONT I NUE

EL2=EL1%(1.0- EMl *(5.725/RANGE))
EM2=EM1+(1.0-EM1%%2)*(5,725/RANGE)
EL3=(EL2%0.9774)-(EM2%0.2115)
EM3=(EL2%0.2115)+(EM2%0.9774)
EN3=SQRTF(1.,0-EL3%*2-EM3%%))
HITE=2, 0*RANGE*EN3 .
IF(EM-45)1,2,2
LT=LH

GOTO9

LT=LH+1

NSTAT=7
IF(LT)215,3, 4
LT=LT+2b e
KHT=HTTE

| F{KHT~75)220,12,1
| F{KHT-85)14,15,15
LEYEL=1 »

199
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~ GOTO013
15 | F(KHT-95)16, 17 17
16 LEVEL=2
GOTO13
17 1F(KHT~105)18,220,220
18 LEVEL=3
13 EL2M2=EL3%*24EM3%%
E2L2M=1.0/EL2M2
FL=—(VEL*EL3*E2L2M)
FM=—=(VEL*EM3¥E2L2M)
NFL=FL+0.5
NFM=FM+0.,5
PUNCH306,UR,MY,MO,JO,LHLM,EL ,EM,EL3,EM3,KHT, LEVEL,LT,NFL,NFM,M
. VEL,MCS MX
306 FORMAT(F7. 0,13, |3 |3,15,F5.2,F5.2,F5.2,F5.2,14,13,13,15,1
5,15,13,13) - .
GOT0256
215 PRINT273,UR,NSTAT,LHLM
273 FORMAT(F7. o 16HFAULT FOR NSTAT=13, 8H TIME =15,4H HRS)
GOT0256
218 PRINT275,UR, LHLM
275 FORMAT(F7. 0, 14HNO CHECK FOR X, 8H TIME =15, hH HRS )
GOT0256
220 PRINT274,UR,KHT,LHLM
27L4 FORMAT(F7.0. 25HHEIGHT UNACCEPTABLE. HT =14, 10HKM, TIME
=15,4H HRS) , 4
GOT0256
234 PRINT280,UR,LHLM o
280 FORMAT(F7 0,20HNO CHECK FOR C,L1,M1, 8H, TIME _15 LH HRS)

P

‘ GOT0256
252 PRINT285,UR,LHLM
ZSSHFORMAT(F7 O ZOHNO CHECK FOR C,L2,M2 oH TIME =15,4H HRS)

GOT0256
312 PRINT286,UR,LHLM _
)286 FORMAT(F7 0, IXZOHLZ +M2 EXCEEDS 0.95 ,8H, TIME =15,4H HR
S :
GOT0256
END -
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Programme 1190B

The cards punched by 1190A are fed into this programme, and
proceséed to produce a least squarés fit wind for each of . -
the 24 hoﬁrs at each level. Prints output, and punches cards
~for processing by 1190C.

VCOS(LEVEL,LT) EW component for LEVEL‘at time LT
VSIN(LEVEL,LT) NS ditto.

MNO(LEVEL,LT) Number of meteors used to determiné above.
Programme 1190C 7 |

Performs a Fourier Analysis of the winds punched out by 119OB
to produce mean, diurﬁal and semidiurnal wind compénents for

both NS and EW directions.

NGO Control indicating type of data following
YE(J) EW wind component for hour J

YN(J) NS ditto. -

AR Prevailing component | . -
»COEFE(1) Amplitude of 24 hour coﬁponent ,
COEFE(2) Ditto for 12 hour

ALPHE(1)‘ Phase of 24 hour component'k_: .

ALPHE(2) = Ditto for 12 hour |

A1, A2 EW 24hr, 12hr component at given‘time T

Bl, B2 NS ditto

Y Amplitude of the mean wind at time T
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C
C
up)

C_
NTS ou
)

26
1READ3
MVEL, M
306 rO
5I5l

13

11908 UNIVERSITY ADELAIDE ROPER 313 ,
UPPER ATMOSPHERE WIND ANALYSIS, (METEOR GRO

PROCESSES OQUTPUT CARDS FROM 1190A TO PRODUCE WINDS (PRI

TPUT)
DIMENSIONSUMC2(3,24),SUMS2(3,24),SUMSC(3,24),SUMFL(3,24

DIMENS | ONSUMFIM(3,24) ,MNO(3,24),VC0S(3,24), VSIN(3 24)
READL ‘ ,
FORMAT (30H )
DO26LEVEL=1,3
DO26LT=1, 2k’
SUMCZ(LEVEL LT)=0
SUMS2(LEVEL,LT)=0
SUMSC(LEVEL,LT)=0
SUMFL(LEVEL LT)=0 -
UMFM(LEVEL, LT) =0
MNO(LEVEL LT)=0
06,UR, MY MO JO,LHLM,EL,EM,EL3,EM3,KHT,LEVEL,LT,NFL,NFM,
ics,Mx’
QMAT§F7 0,13, l3,I3,IS,FS.Z,FSGZ,FS,Z,FS,Z,IA,IB,IB,IS,I
3,13 _ :
lF(UR)8 8, 13
EL2M2=EL 3 *EL 3+EM3” EM3
E2L2M=1.0/EL2M2
FL=NFL

FM=NFM

-8
2.

C2=EL3*EL3?E2L2M e

S2=EM37 ‘EM3*E2L2M

SC=EL3*EM3*E2L2M ‘
SUMC2(LEVEL,LT)= SUMCZ(LEVEL LT)+C2
SUMS2(LEVEL,LT )=SUMS2(LEVEL,LT)+S2
SUMSC(LEVEL,LT)=SUMSC(LEVEL,LT)+SC
SUMFL(LEVEL,LT )= SU4FL(LEVEL LT )+FL
SUMFM(LEVEL,LT )=SUMFM(LEVEL, LT )+Fi -
MNO(LEVEL, LT) =MNO(LEVEL, LT)+1

GOTO1 '
DO27LEVEL=1,3

PRINT2

FORMAT (1X////4LH SET PAGE FOR NEXT LEVEL, THEN PUSH S

TART./)

3L
S//)

PAUSE
PRINTL ,

PRINT3L :

FORMAT (1X////40H LT LEVEL VCOS EAST VSIN NORTH METEGR
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DO27LT=1, 24
IF(HNO(LEVEL LT)-1)35,35,25
25 ))} =1, O/((SUHSC(L&VEL,L T)«%2)= (SUMCZ(LEVEL LT)*SUMS2(L
EVEL,LT '
VSTH(LEVEL, LT )=P*(SUMFL(LEVEL,LT)* SUHSC(LLV[L L]))
; VSIH(LEVEL,LT)=VSIN(LEVEL,LT )=P*SUMFM(LEVEL, LT )=SUM (L
EVEL,LT)
VCOS({LEVEL,LT )=P*SUMFM(LEVEL ,LT)*SUMSC(LEVEL,LT)
VCOS(LEVEL,LT)=VCOS(LEVEL, LT §—p7 SUMFL(LEVEL Ll) "SUMS2 (L
EVEL,LT)
GOT028
35  VCOS(LEVEL,LT)=999.0
VSIM(LEVEL,LT)=939.0 : -
28 PUNCHL2,LT,LEVEL,VvCOS(LEVEL,LT),VSIN(LEVEL,LT),MNO(LEVE

L,LT) .
27 ) PRINTL2,LT,LEVEL,VCOS(LEVEL,LT),VSIN(LEVEL,LT),MNO(LEVE
L,LT :
L2 FORMAT(1L4,13,6%XF5.0,5XF5. o S UK h)
s;op

END
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ONICS

2)

100
101

19
21
22
20
200

201
202

1190C UNIVERSITY OF ADELAIDE ROPER 313
FOURITER ANALYSIS, 2L POINT INPUT MEAN PLUS 2 HARM

DIMENS TONYE (24), YN(2L4)
DIMENS 1ONSE(12),DE(12),DIFE(10),SUME(4),COEFE(2),ALPHE(

READ]O],NGO
ORMAT(16)

IF(NGO)19 21,20

STOP

PRINT22 |

FORMAT (25HNEW PAGE, THEN PUSH START)

PAUSE

READ 20 .

FORMAT(BSH o , - )

D0201J=1, 24 | v ;

READZOZ LEVEL,YE(J), YN(J)

FORMAT (LX13,6%F5.0,5%F5.0)

|F(LEVEL=-2)1,2,3

LOW=75 , .

LHI =84 S
GOTOL )

LOW=85

LH1 =9k

GOTOL

3 LOW=95

L

31
32

30
5

LHI =10k ,
NEXT=0 o
GO TO 30
D032J=1,24
YE(J)=YN(J)
NEXT=1
PRINTZZ
PAUSE
RINTS LOW, LH|
FORMAT { 10X3L4HFOURIER ANALYSIS FOR HEIGHT RANGE Ih4,2H —|

L, 3H KM)

PRINT20
D06J=1,11

K=dJ+12
SE(J)=YE(J)+YE(K)
DE(J)=YE(J)=YE(K)
SE(12)=YE(2L)+YE(12)
DE(12)—YE(24)~YE( 2)
AE=0 *
D07d=1,12




7

oo

AE=AE+SE(J)

AE=AE /24,

D08J=1,5

K=12-J
DIFE(J)=DE(J)=DE(K)
DIFE(J+5)=DE(J)+DE(K)

SUME(1)=SE(1)=SE(5)-SE(7)+SE(11)

SUME (2)=SE(2)-SE(L)—-SE(8)+SE(10)

SUME(3)=SE(1)+SE(5)=SE(7)-SE(11)

SUME (1) =SE(2)+SE(L4)-SE(8 SEéég)
0

S “DIFE(4)

6*DIFE(9)

AE2L=(AE24+0.2597 DIFE(S) 12

) -
)-
AE2L=DE(12)+0. 966 DIFE(1)1
)/
BE2L4=DE (6)+0.259*DIFE(6)+0
BE2L=(BE24+0.966*DIFE(10))/12. ‘
AE12=(SE(12)~-SE(6)+0.866%SUME(1)+0,5*SUME(
BE12=(SE(3)=SE(9)+0.5*SUME(3)+0.866*SUME (4
COEFE(1)=SQRTF(AE2L*AE2L4+BE2L*BE2])
COEFE(2)=SQRTF(AE12*AE12+BE12%BE12)

ALPHE (1) =ATANF(ABSF(BE2L4/AE24))

ALPHE (2) =ATANF (ABSF(BE12/AE12))

PI=3.1416 .

IF(AEZA)AO Lo, 41

‘IF(BEZH)AB 43 L2

ALPHE (1) =2 PI—ALPHE(I)

GOTOL2

IF{BE24) 4L, Lk L5~ .
ALPHE ( 1)=ALPHE (1)+P1
GOTOL2
AL?HE(1)=PI—ALPHE(1)
IF{AE12)50,50,51
IF(BE12)53,53 52
ALPHE (2)=2. %P1 ~ALPHE (2)
GOT052

lFiBElz)sh 54,55

ALPHE (2)=ALP LPHE{2)+P1
GOT052

ALPHE(2) = ~P1-ALPHE(2)

IF{NEXT)3L,34,35

PRINT11

FORMAT (10X25HEAST-WEST WIND COuPONENTS//)

' GOT036..

PRINT16 | | '
FORMAT (10X27HNORTH-SOUTH WIND COMPONENTS//)
PRINTY,AE

2))/1
))

205

DlFE(Z)%O 707 “DIFE(3)+0

DxFE(7)+0.707*D|FE(8)+0.86
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9 FORMAT (10X3HY =F7.1)
ALPHE (1)=ALPHE(1)*(12./PI)
PRINT10,COEFE(1),ALPHE(1)

10 FORMAT (13XF7.1,13H*COS(P1/12(T~F6.2,2H ))
ALPhE(Z)—ALPHE(Z)‘(6 /P1)

PRINT18 COEFE(Z),ALPHE(Z)
18 FORMAT (13XF7.1,12H*COS(P1/6(T~F6.2,2H )///)

PRINT12
12 §9§MAT(1OA48HT|ME A2LCOST B2LSINT A]ZCOSZT B1ZS|N2T MEA

N Y

D0301J=1,24

T=J

A1=AE2L4%COSF((PI1/12.)%T)

B1=BE24*SINF((P|/1 . )¥T)

A2=AE12%COSF({PI/6. )*T)

B2=BE12%SINF((PI1/6.)*T)

Y=AE+A1+B1+A2+B2

301 PRINT302,J,A1,B1,A2,B2,AE,Y

302 FORMAT(]OXIB 2KF6 1, 2XF6 1 2XF6.1, 3XF6 1,F7.1, F7 1)
IF(NEXT)31, 31 10
END




APPENDIX IT

IBM FORTRAN programmes for the Turbulence Reduction.
Programme E5 200 ( written in 7090 FORTRAN ) P
Reads output of Orbit Programme from tape, and punches data

required for Turbulence Analysis.

NUMBRI Echo number

MYEART Year :

MONTHI Month

JOURI Day

LMSTHI - Local mean solar time, Hours

LMSTMI Local mean solar time, Mins

IwAZ 'Azimuth of reflection point from St. Kilda
wz Zenith angle of ditto |

IWH Echo height

IRAZ Azimuth of meteor radiant

IRZ Zenith anéle of ditto

1U(1) - Line of sight componentaof trail drift as -

observed from station I
IEPS1 Separation of reflection points, St. X to

Sheedys farm

IEPS2 Ditto, St. Kilda to Direk
JIRA i . Right ascencion of meteor radiant
IDEC Declination of ditto

IVEL Velocity'of the meteor particle
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* ES 200 UNIVERSITY OF ADELAIDE ROPER 313
¥ DATE 13/8/62
* EXEQ TIME 19 MINS
w /\EQ
. DIMENSION JUMP(3), ITEM(B) MOVE(3),DEVN(3),VELOC(3),TIME
3),
TWIND(3),TOPHAS(3)
) DIMENSIONNUMBRI(1500) ,MYEARI (1500) MONTHI(]SOO) JOURT (
1500
LMSTMI(1500),IWAZ(]SOO),IWZ(]SOO),lWH(lSOO), |RAZ
(1500) IRZ :

2(1500), tU(3,1500), 1EPST(1500), 1EPS2(1500),L
MSTHI (1500)
DIMENS I ONIVEL( 1500), IRA(1500), IDEC(1500)
COMMONNUMBRI1 ,MYEARI ,MONTHT , JOURI -
PRINT
1_FORMAT(1X56H THIS PROGRAMME PUNCHES APPROXIMATELY 2000
OUTPUT CARD

1S./1X60H LOAD UNI TAPE NILSSON NO. 2. ONTO B7. PUSH STA

RT WHEN REA .
20Y/71117)
PAUSE
CALLDNSHI (17)
REWIND17
NSTART=7L16
- NSTOP=76L459
2 1=0
3 READ TAPE 17,NUMBR,MYEAR MONTH JOURA LMSTH LMSTM, JUMP, |
TEM,MOVE,
IDEVN, VELC,VELOC, T IME,WH, SKI P, NWOP  WZ , WAZ ,RZ,RAZ,EPS1,EP
S2,TLAM,
2TMU, TLAM3, TMU3 , RNEW, HAR, RA, DEC, VEL , DRAG, VGE ,NO,WIND, SMA
,E,EYE,AGP,
3ANL, TAN,RLG,RLT,TLG,TLT,ALG,AEL, TEL, VHE ,LENGTH, TOPHAS
I F(NUMBR~NSTART§3,5.3
L READ TAPE. 17, NUMBR,MYEAR MONTH, JOURA, LMSTH, LMSTM, JUMP, |
TEM, MOVE,
v 1DEVN, VELC,VELOC, TIME, WH, SKIP, NWOP,WZ WAZ ,RZ ,RAZ ,EPS T, EP
S2,TLAM,
2TMU, TLAM3, THU3 RNEW,HAR,RA,DEC,VEL,DRAG,VGE,NQ,WIND,SMA
,E,EYE,AGP,
3ANL, TAN, RLG, RLT TLG TLI ,ALG,AEL, TEL,VHE, LENGTH, TOPHAS
| F (NUMBR-NSTOP) 5,6,
5 =141
NUMBRI (1 )=NUMBR
) MYEARI (1 )=MYEAR
MONTH! (| )=MONTH

R
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JOURI (1)=JOURA

LMSTHI (1 )=LMSTH

LMSTMIE (1 )=LMSTM ‘

IWAZ (1 )=WAZ+0.5 o
IWZ(1)=WZ+0.5 T
FWH( 1 ) =WH+0.5

IRAZ(1)=RAZ+0.5

IRZ(1)=RZ+0.5

TU(1,1)=WIND(1)

U2, 1)=WIND(2)

IEPS1(1)=1000,0%EPS]
1EPS2(1)=1000,0%EPS2 .
FU{3,1)=WIND(3)

IRA(1)=RA

IDEC(1)=DEC+SIGNF(0.5, DEC)
IVEL(1)=VEL+0.5

GOTOL

6 NI=l+1

NUMBR! (| )=NUMBR
MYEARI (1 )=MYEAR
" MONTHI (1)=MONTH "
JOURI (1 )=JOURA
LMSTH!I (1 )=LMSTH
LMSTMI (1)=LMSTM
IWAZ (1 )=WAZ+0.5

IWZ(1)=WZ+0.5
IWH(1)=WH+0.5
[RAZ (1 )=RAZ+0.5
IRZ(1)=RZ+0.5

)=1000,0%EPS 1
)=1000, 0%EPS2
RA
~DEC+S|GNF(O 5, DEC)

IVEL(1)=VEL+0.5

DO7i=1,NI

7 PUNCHS NU1BR|(l),MYEARl(I),MONTHI(l),JOURI(l),LMSTH|(|)

LMSTMI(I) , :
( )]lWAZ(i) SAWZ D), IWHCEY , IRAZCE), IRZCE), HUCT, 1), 1u(2,1),1u
3 |

SIEPSTL1), 1EPS2( 1), IRA(I), IDEC(1)
‘8 FORMAT (1X15,413,12,814,215, 213 14
N=M+1

IF(N=2)10,9,11

(i,
{2,
1u{3,
1EPST(I
1EPS2( 1
IRA(1)=
IDEC(1)

FVEL(T)
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10 NSTART=76734
NSTOP=76L48
GOTO2

9 NSTART=47363
NSTOP=63666
GOTO2

11 CALLEXIT

~ END
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1200 UNIVERSITY OF ADELAIDE ROPER 313

C PROCESSES OUTPUT 7090 200 TO PRODUCE INPUT FOR 1200A
CONVERTS LINE OF SIGHT AND RADIANT AZIMUTHS AND ZENITH
ANGLES TO '
C DIRECTION COSINES ( L, EAST. M, NORTH.) _
1READ8,UR,MY,MO, JO,LH, LM, WAZ ,WZ ,WH,RAZ,RZ, 1U1,1U2,1U3, EPS1,EP
S2
8 FORMAT(F6 o ,413,12,2FL,0,F4.0,2F4,0,314,2F5,3)
IF(UR)3,L
L PRINT6
6 FORMAT (9HMORE DATA)
PAUSE
GOTO1
5 LTHM=100*LH+LM
~ |WH=WH+0.5
D1=11,4L5
R=WH/COSF(WZ/57.3)
RL=—-SINF(WzZ /57 3)*SINF(WAZ  /57.3)
RM=SINF(WZ  /57.3)*COSF(WAZ  /57.3)
1) R1=SQRTF(R*R+D1%*D1-2,0%RL*R*D1%0,2115+2.0%RM*R*D1%0,977

M3=1000.0*(RM*R+D1¥0.9774) /R1
L3=1000.0%(RL*R-D1*0,2115) /R1
LR=—SINF(RZ/57.3)*SINF(RAZ/57.3)%1000,0
MR=SINF(RZ/57.3)*COSF(RAZ/57.3)*1000.0 :
PUNCH9 UR,MY,MO0,JO,LTHM,L3,M3, IWH,LR,MR, 1U1,1U2,1U3,EPS1,EPS
2 o :
9 FORMAT(F7.0,313,15,514,314, 2F6.3)
GOTO1
3 STOP
END




1200A  UNIVERSITY OF ADELAIDE PHYSICS DEPT. ROPER 31

C

3 ; ‘

C PROCESSES OQUTPUT OF 1200 TO PUNCH INPUT TO 1200B

C SUBTRACTS MEAN WIND COMPONENTS FROM MEASURED LINE OF SI
GHT DRIFTS

C TO GIVE TURBULENT VELOC!TIES ‘
C REJECTS ECHOES WITH REFLECTION POINT HEIGHTS LYING OUTS

C RANGE 7LKM - 106KM,

C INCORPORATES OPTIONAL PRINTOUT OF MEASURED AND MEAN WIN
DS OF ,

C OPPOSITE SIGN. . SWITCH 1 ON IGNORES PR
INT OUT

DIMENSIONV(2L4),W(12)
DIMENSIONVE](Z&) VE2(2L4),VE3(24),VN1(24), VN2(24) VN3(24

DIMENSIONH(3),DELH(3),X(3),U(3),UT(3), UMEAN(3)
10 READ10
1?0 FORMAT (48H

PRINT10
DOL49J=1,6
?Ee?gzg(l) V(2) V(3) V(L), V(S) V(6) V(7) V(8) V(9), V(10) V(11
7 FORMAT(12FL.0)
§E®?¥2¥(1) JNW(2),W(3),W(kh) W(S) W(6),W(7) W(8) W(9), w(10) W(11
DOL8K=1 | o
L3 V(K+12)—W(K)
G0T0(30,31,32,33,34, 35) J
30 DO50K=1, 24’
SOVE1(K)=V(K)
GOTOL9
31 DO51K=1,24
51 VE2(K)=V(K)
GOTOL9
32 DO52K=1,24
52VE3{K)=V(K)
R GOTO49
33 DO53K=1,24
VNT(K) =V (K)
GOTOL9
DO5LK=1,2L
VN2 (K) =V (K)
GOTOL9
DO55K=1, 24
VN3 (K)=V(K)
CONT I NUE

SUIW W U
VUviV1T = W




)

L6
L5

18

72
75
80
73
19

20

213

1READ2,UR,MY,MO,JO,LT,TL,TM,WH,RL,RM,U(1),U(2),U(3),X(1),X(2 -

2 F@RMAT(F7 0,313,15,2FL, g,F4 0,2FL.3,3FL, 0,2F6. 3)
IF(UR)3,L

PRINT6

FORMAT (9HMORE DATA)

PAUSE

GOTG10

LTH=LT/10

LTM=LT—=LTH*10

TN=SQRTF (1,0~ TL“TL TM#*TM)
RN=SQRTF(1.0-RL*RL~ RM’RM)
D0O8K=1,3

U(K)—-U(K)

| R=WH/TN+0.5

|H=WH+0.5

M=LTH+1

MP1=M+1

IF(MP1-25)45,4L6, 46

MP1=1

TIN=LTM

TIN=TIN/60.0

'DELH€1)=—X(1)*RN

DELH(2)=0

DELH(3)——A(2)‘RN

INUM=0

K=1 .

H{K)=WH+DELH(K) -

IF(H(K)-7L4.)75,72,72

IF(H(K)-106.)73,73,75 | -

PRINTSO, UR, H(K) I
FORMAT (F7.0 » 2X22HHE 1GHT UNACCEPTABLE ATF6 0,3H KM)
GOTO1

IF(H(K)=90, )zo 19,19

VGE=(VE3(M)=VE2(M})%0. 1
VGE=VGEF(VE3(MP1)+VE2(M)=VE2(MP1)=VE3 (M) )*T IN%0. 1
VGH=(VN3(M)=VN2(M))*0. 1

VGH=VGN+( VN3 (MP1)+VN2(M)=VN2(MP1) VNB(M))’TIN‘O T
GOT021

VGE=(VE2(M)~=VE1(M))*0.1 f
VGE=YGE+{VE2(MP1)+VE1(M)=VE1(MP1) VEZ(M))‘]IN 0. 1
VGN=( VN2 {M)=VN1(M))*0.1

» VEN=VGN+ (VN2 (MP1)+VNT(M)=VNT(MP1)=VN2(M))*TIN*0.1

21

DELHMEH(K) =90,

VE=YE2( M)+VGE*DELHM+(VE2/( MP1)-VE2( ))
VN=¥N2 ( M)+VGN*DELHM4- (VN2 ( MP1)-VN2( M))*TIN
UMEAN (K) =VE*TL+VN*TM

*
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| F(SENSESWITCH1)304,299
299 IF(UMEAN(K))300,301,301
300 IF(U(K))30h,30L,302
301 1F(U(K))302,304,304
302 INUM=INUM+1
| F(INUM= 3)30L, 303,303
303PRINT002 UR UMCAN(I) UMEAN(Z) UMEAN(3),U(1),u(2),U(3), LTH

902 FORMAT(F7.0,2X6F5.0,15)
304 UT(K)=U(K)- UMEAN(K)
K=K+1
IF(K- 3)18,18,22
22 L=TL*100,
M=TM*100,
LR=100,0*RL
MR=100, 0*RM
X(3)=X(2)-X(1)
)Pg?g?9x%§51Y ,MO,JO,LT,UT(1),UT(2), UT(3) L,M,LR,MR, IR, IH,X (1
9 FORMAT(F7.0,313,15,3F5.0,413,21k%, 3F5 2)
B GOTO1
3 STOP .
END
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1200B UNIVERSITY OF ADELAIDE PHYSICS DEPT ROPER 31

PROCESSES 1200A OUTPUT TO PRINT OUT VELOCITY DIFFERENCE
AND |
TURBULENT VELOCITIES AS A FUNCTION OF SEPARATION. -~ —
CALCULATES THE SCALE OF THE ENERGY BEARING EDDIES.
CALCULATES THE PARAMETERS OF REFLECTION POINT MOTION.
2|MENSEO§UT(3) ,X(3),A(20),DELSE(20),USEP(3), SUSEP(ZO) ATUR(3
BTUR(3
DIMENSIONSATUR(20),SBTUR(20), NUM(20)
199 READ50
500 FORMAT (30H | )
PRINT50 . : . |
DOL1J=1,20
A(J}=0
DELSE (J)= o
SUSEP(J)=0
SATUR(J)=0
~ SBTUR(J)=0
41 NUM{J)=0
D1V=0.0
EROR1=0,0
EROR2=0,0
NO=0
ROTMA=0,
ROTME=0,
ROTSQ=0,
$=0,
SERGS =0,
SOROT =0, ~ |
SUMG=0,0 o . I
TOTUR=0, ‘ k
READLOO, CALEH
400 FORMAT(F6.1)
1 READ2,UR,LT,UT(1),UT(2),UT( ) R X(l) x(z) x(3)
2 FORMAT(F7.0,9X15,3F5.0, 12XFL. 0, hx3F
IF(UR)3,k,5
5 USEP(1)=UT(2)~-UT(1)
USEP(2)=UT(2)-UT(3)
USEP(3)=UT(1)-UT(3)
ATUR(1)=UT(2)
ATURE ; =UT(2)
ATURE3)=UT (1)
BTUR(I):UTK1)
BTUR(2)=UT(3)
BTUR(3)=UT(3)
L=1

OOOUVO WO




216

— —
j—y —
O o

123

70
71

- 120
121
122

820
30

66L4
663

200

201
202

240

2141

J=1.

A(J)=1+2%(J=1)

IF(ABSF(X (L))-0. 1‘A(J)) 119,119,120
DELSE (J)=DELSE (J)+USEP(L)"*2
SUSEP(J)=SUSEP(J)+ATUR (L)*BTUR (L)
SATUR (J)=SATUR (J)+ATUR (L)*%*2
SBTUR (J)=SBTUR (J)+BTUR (L)**%2
NUM(J)=NUM(J)+1

TOTUR=TOTUR+UT (L)*%2

S$=S+1.0

IF(J— 3)121 123,123
ROTI0=R*(USEP(L)/X(L))*1.E~3

| F(ABSF(ROTMA Y—ABSF(ROTI0 ))70,70,71
ROTMA =ROTIO - _

ROTME= ROTME+ROTIO '
ROTSQ=ROTSQ+ROTIOQ *%2
SOROT=SOROT+1.0

GOTO121

J=J+1°

IF(J=-20)118,118,121

L=L+1 o -

IF(L- 3)i115,115,122

NO=NO+1 - 4

GOTO1

PRINT820,NO

FORMAT ( 13HNO OF METEORSI6//)
PRINT30

FORMAT (39HSEPARATION DELV G DELG RMSGRAD
AMAX=0,

D0663J=1,20

IF(AMAy-A(J))eeu 6654, 663

AMAX=A(J)

~JA-—AMAX/Z 0+0.55

D0O700J=1, JA
AUM= PUM(J)

I F(NUM(J))200,200,201

RMSDE=0.

GOT0202

RMSDE=SQRTF (DELSE (J) /AUM)

C=Jd

A(J)=0.1%(1.0+2.0%(C~1.0))

GRAD=RMSDE /A(J) -

IF(NUM(J)=9)2L0,250,241

G=0. |

DELG=0.0

GOTO070

G =SUSEP(J)/SQRTF(SATUR (J)*SBTUR (J))

NO/)
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DELG=(1,0-G? G)/SQRTF(AUM 1.0)
[F(J- 12)243 243,70
2L3 1F(J3-3)700, 244 213

o4k ERGS ~ =( (RMSDE /o 83)%*3) /A(J)
SERGS=SERGS+ERGS

*2
SUMG=SUMG+(A(J)=0. 1)/( 0-G)**1,5
EROR1=EROR1+(A(J)-0.1) (1 0-G+DELG) *?
EROR2=FEROR2+(A(J)-0.1)/(1.0-G-DELG)*?

1.

/

/
DIV=DIV+1.0

700 PRINT31,A(J),RMSDE,G,DELG,GRAD,NUM(J)

31 FORMAT(1XF6.2,2XF6.2,F5.2,F5.3,1XF6.2,17)
[F(DIV)199,199,755 )

755 ENERG=SQRTF(SERGS/DIV) '
TYD=EXP(LOG(ENERG*CALEH)/3.0)%0.83
ENVEL=SQRTF(TOTUR/S)-

S1ZE=ENVEL**3/(ENERG *0,57)
ROTME =ROTME /SOROT |
ROTSQ=SQRTF(ROTSQ/SOROT)
SUMG=SUMG/DIV
EROR1=EROR1/DIV
EROR2=EROR2/DIV
PRINT35,ENVEL,SIZE,CALEH
35FOR?9;(3HUO ZF8.2,6H M/SEC, //3HLO=F7.1,3H KM//6HSCALE F6.1,
3H KM .
PRINT34,ENERG,  TYD, ROTME ROTMA,ROTSQ
3LFORMAT (5HERGS=F6. 0, 1 THERGS /GM/SEC //3HVZ F6 2,5HM/SEC//3
HRM=3F8.2//)
PRINT36,SUMG,ERORT,EROR2
36 FORMAT(//11HLO FROM G =F7.1,5H KM (2F7 1 2H )//)
PAUSE )
GOT0199 . L : s
3 STOP ' , y - ‘
. END _




" 1200C UNIVERSITY OF ADELAIDE PHYSICS DEPT. ROPER 313

READS OUTPUT FROM 1200A AND PRINTS ZENITH DEPENDENCE :
ITE?SION ZUTUR(20),NN(20),TGZ(20) ,NNG(20),UT(3),X(3),US
EP(3 :

- 199 READSO0 | ,
500 FORMAT (30H )

PRINT50 ' .

DOk1J=1,20

),UT(2), UT(3) WL,WM,R, X
9X15,3F5.0,2F3.2 6X Fly 0

USEP(3)=U
- J=1
128 C=J
| F(ABSF(COZR)-0.05* c)129 129,131
129 DO130K=1,3 ,
ZUTUR (JSZZUTUR (J)+UT(K)**2
130 NN(J)=NN{J)+1
GOT0132
131 J=J+1 , ,
IF(J-20)128,128,132
132 L=1
447 IF(ABSF( X{L))-0.3)448, L+49 LL9
LLS NIXZ=NIXZ+1.
GOTOL50
449 TGZ(J)=TGZ(J)+(USEP(L)/X (L))**Z
NNG (J)=NNG(J)+1
h50 L=L+1
IF(L=- 3)YhhL7, 447 L5
451 NO=NO+1
GOTOT
L PRINTBZO NO
820 FORMAT(13HNO OF METEORS16//)
PRINT33
33 FORMAT(22H COZR RMSVT RMSTG NO. /)'
D0701J=1,20
ANG=NNG (J) |
| F(NNG(J))250,250,251
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250 RMSTG=0,
GOT0252
251 RMSTG= SORTF(TGZ(J)/ANG) , ,
252 CONTINUE : -
AN=NN(J) : PR
FF{NN(J))210,210,211 ,
210 RMSZU=0,
GOTO0212
211 RMSZU =SQRTF (ZUTUR (J)/AN).
212 CONTINUE -
C=J
C=C/20.0
701 PRINT32,C,RMSZU, RMSTG,NN(J)
32 FORMAT(FS 2,2F6.2,1L4)
PRINT777, NI XZ
777 FORMAT(//SHNIXZ |6//)
PAUSE
GOT0199
3 STOP
END




220 _
C 1200D UNIVERSITY OF ADELAIDE PHYSICS DEPT ROPER 313

: PROCESSES 1200A OUTPUT TO PRODUCE HEIGHT DEPENDENCE
8 CALCULATES VERTICAL CORRELATION DISTANCE FROM THE TCHEN

SHEAR LAW
DIMENSIOND(20),HDEL(3),VLESS(3),USEP(3),HUSEP(3),DELUH(20

), VERTA(3)

' x( ?IMENSIONVERTB(B) ,SATH(20),SBTH(20) ,NUMH(20),SUH(20),UT(
3),X(3 |

DIMENSIONATURB(3),BTURB(3)

10 READ10

100 FORMAT (30H _ )

CALEM=0.0
SUMC=0. 0
NO=0
READ500,ERGS , ENVEL, TYD , CALEH
500 FORMAT(L4F8. 15 |
PRINT500, ERGS ENVEL,TYD,CALEH
1 READ2,UR,UT(1§,UT(2),UT(3),TL, TM,RL,RM,WH,X(1),X(2),X(3

2 F?RM§T(F7 0, 14X3F5.0,4F3,2,4XFL,0,3F5,2)
IF(UR)3,L

5 RNU=SQRTF(1.0-RL*RL—-RM“RM)
COZR=SQRTF(1.0=TL*TL-TM*TM)
SNZ=SQRTF(1.0-COZR*COZR)
USEP(1)=UT(2)=UT(1)
USEP(2)=UT(2)-UT(3)
USEP(3)=UT(1)-UT(3)
ATURB(1)=UT(2)
ATURB(2)=UT(2)
ATURB(3)=UT(1)
BTURB(1)=UT(1)
BTURB(2)=UT(3)
BTURB(3)=UT(3)
L=1

85 HDEL(L)=X(L)*RNU




J=1
88 D(J)=1+27%(J- 1
. FE(ABSF (HDEL(L))-.05% D(J))89 89,90
89 DELUH(J)=DELUH(J)+ USEP(L)¥* USEP(L)
VERTA(L)=(ABSF(ATURB(L))-TYD*COZR)/SNZ
VERTB(L)=(ABSF(BTURB(L))=TYD*COZR)/SNZ
SUH(J)=SUH(J)+VERTA(L)*VERTB(L)
SATH(J)=SATH(J)+VERTA(L)*VERTA(L)
SBTH{J)=SBTH(J)+VERTB(L)* VERTB(L)
NUMH(J ) =NUMH(J)+1
GOT®91
90 J=J+ ~ ,
IF(J 20)88,88 91 : -
91 L=L+1 ‘
92 NO=NO+1 ~
GOTO1
I PRINT599,NO
599 FORMAT(IBHNO OF METEORS16)
PRINT60 .
600 FORMAT(5X20HDELH DELV GH NO/)
D0161J=1,20
| F(DMAX~ D(J))165 165,161
165 DMAX=D(J) -
161 CONTINUE
JA=DMAX/2.0+0.55
D0168J=1,JA
D(J)= 142% (J-1)
D(J)=.05*D(J)
169 CONTINUE
D0700J=1, JA
AUMH  =NUMH(J)
-~ IF(NUMH(J)) 400,400, 401
LOO RMSDH=0.
GOTOU0O2
L01 RMSOH= SQRTF(DELUH(J)/AUMH)
L0O2 COWFINUE
|F(SUH(J))411 410 411
L10 GH=0.
GOTOL12
L11 GH  =SUH(J)/SQRTF(SATH(J)*SBTH(J))

; %0 .6667) ) *AUMH+A
412 B50BRBHLRGY ¢ '

700PRINT8,D4d )., RMSDH, GH, NUMH(J)
3 FORMAT(ZAF7 2, F6. 2 F6.2,1L4)
CALEM=(ENVEL*> SUMC/A)""”‘] 50
PRINT777,CALEM, SUMC
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777 FORMAT(//5X%
PAUSE
GOTO10
3 STOP
END

6HSCALECF7.1,3H KM, 3X1H(F6.0,2H ))




O OO0

199

10

100

7‘:7"'2
x:’:z
L69

L70
A

472
- 473
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~1200E UNIVERSITY OF ADELAIDE PHYSICS DEPT ROPER 313

PROCESSES 1200A OUTPUT TO PRINT TIME DEPENDENCE
PRINTS AND PUMNCHES NORTHERLY AND EASTERLY TURBULENT WIN

COMPONENTS HOUR BY HOUR.,
DIMENS |ONSUTE (24),SUTN(24)
DIMENS 1ONUT(3), x(3) AM(2L4),BM(2L),STGM(24), USEP(B)
READS50

FORMAT (30H o ‘ o )

PRINT50

DO1OM=1,24

BM(M)=0.0

SUTE(M
SUTN(M
STGM(M
AM(M) =
NME =0
NO=0
READ100,ERGS,ENVEL,TYD,CALEH ‘ \

FORMAT (LF8. 15

PRINT100,ERGS,ENVEL,TYD,CALEH

READ2, UR,LT UT(1) UT(Z) UT(3) TL,TM,X(1),X(2), x(3)
FOR{AT(F7 o ,9XI15, 3F5.0 2F3 14 3F5 12)

IF(UR) 3,k

M=LT/10

M=Ms1

USEP(1)=UT(2)-UT(1)

USEP(2)=UT(2)-UT(3)

USEP(3)=UT(1)-UT(3)

COZR=SQRTF(1.0-TL*TL=TM*TM) _
SNZ=SQRTF(1.0~COZR*COZR) ; ' /
DOLEIK=1,3

SUTE(M) =SUTE (M) + (((ABSF(UT(K))~TYD “COZR) /SNZ)*(TL/SNZ))

SUTH(M)=SUTN(M)+(((ABSF(UT(K))—TYD“COZR)/SNZ)“(TM/SNZ))

3

0
0
0

oW

)=0
)=0.
)=0.
=0,0

BM(#)=BM(M)+1.

CONTINUE

L=1

IF(ABSF(X (L))-0. 3)471 472 472
MME= NME+1

GOTOLTS: |

STGHM(M) = SIGM(M)+(USEP(L)/X (L))
AM(HM) = AH(M)+1

L=L+1
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120

320

480
L31
L82
L33

L3L
L85

202
700

777

IF(L-  3)470,470,120
NO=NO+1 .
GOTO1 _

PRINTS20, NO

FORMAT (//13HNO OF METEORS16//)
PRINT9

FORMAT (8XLOHT IME RMSVTE RMSVTN

DO700M=1, 24

NBM  =BM(M)+0.5

I F(BI4(M))L80,480, 481
RSUTE=0,0

RSUTN=0,0

GOTOLB2
RSUTE=SQRTF(SUTE (M) /BM(M))
RSUTN=SQRTF(SUTN(M)/BM(M))
CONT I NUE

NAM  =AM(M)+0.5
IF(AM(M))483, 483, 484
RSTGM=0,0

GOTOL8S

RSTGM  =SQRTF(STGM(M)/AM(M))
CONT INUE -
NIM=(M=1)*10

NIME=M*10 .

LEVEL=2
PUNCH202,LEVEL,RSUTE,RSUTN
FORMAT(4A|3 6XF5.0 SYFS 0)

NO RMSTG-

—~

PRINT8, NIM N IME RSJTE RSUTN,NBM, RSTGM NAM
8 FOQMAT( IS 2H -15,F7.2,F8.,2 l6 F7 2, |6)

PRINT777, NME
FOAMAT(//SABHNMEI7)
PAUSE

- GOTO199

STOP
END

NO/)
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