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The greater wave is covered with innumerable
other waves which move in different directions; and
these are deep or shallow according to the power that

generated théMeeeeeeeos
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ABSTRACT

In an attempt to make synoptic observations of
winds in the mesosphere and lower thermosphere, a simpli-
fied version of the correlation method for analysing
spaced receiver ionosphere drift observations was devel-
oped. The new method makes possible the use of much
simpler recording methods and eliminates the manual
reduction of recordse. Drift observations made at noon
between altitudes of 65 and 100 km, for summer 1963-4
and winter 1964 are presented. It is concluded that
the mean monthly drift is a good estimate of the winds
at these heights. The most prominent feature of the
seasonal circulation is the upward progression of the
height of reversal from westerlies (below) to easterlies
(above) from 80 km in April to 100 km in July. The

reversal height falls to 90 km in August and September.
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1o INTRODUCTION

Air movement in the upper atmosphere can be
observed from the ground by watching the movement of
characteristic features in the air mass. At lower
levels clouds are the most common natural tracers in
the air. Further up, at altitudes of about 80 km,
noctilucent clouds have indicated atmospheric movement
in that region. The height limitations of the meteor-—
ological sounding balloon have, until recently, prevented
the meteorologist from taking soundings in the strato-
sphere above 30 km. The development of small solid
fuel rockets has provided a much more satisfactory
vehicle for carrying instruments to measure the physical
properties of the atmosphere. Standard methods of mea-
suring atmospheric pressure and temperature fail above
50 to 60 km because the sensitivity of aneroid barometers
is inadequate for reliable low pressure measurements, and
temperature-sensing devices become inaccurate- the heat
energy transferred to the thermometer by radiation is no
longer negligible compared with the energy transferred

by molecular collisions.

Observations of natural tracers, in the form
of meteor trails, can be made by radar systems operating

on wavelengths of several metres. The meteor trails



are formed at altitudes of 80 to 100 km. Two very
thcrough investigations of upper atmosphere winds,
based on this method, have been made by Greenhow and
Neufeld (1961) at Jodrell Bank near Manchester in

England and Elford (1959) at Adelaide, South Australia.

Artificial tracers are now extensively used
to follow the air mction at these very high altitudes.
Sodium vapour clouds, produced from burners carried
in a rocket, or the smoke trails of rocket motors can
be tracked optically. Radar equipment can be used to
follow the motion of '"chaff" (small pieces of metal
foil), parachutes, balloon-supported corner reflectors,
or falling spheres. The macroscopic objects are of
little use above 60 km because the viscous force ex-
erted on them by the moving air is less than the grav-
itational forceg and the objects do not follow the air
movement . This difficulty does not arise with micro-
scopic objects like the smoke particles, the wvapour
molecules, or the electrons and ions in the meteor

trails.

One of the most successful radar targets which
have been used at altitudes of about 80 km is the ROBIN
(for rocket balloon instrumentation). A thin plastic

sphere containing a collapsible corner reflector is



3
carried up by a small solid fuel rocket, ejected, in-
flated and then followed by ground radare. Horizontal
motion of the sphere indicates the horizontal component
of the wind vectore. Since the vertical component of
the wind is negligible, the atmospheric density can be

calculated from the vertical velocity of the sphere.

Extensive measurements of atmospheric density
and winds have been made by Nordberg and his fellow
workers (see, for example, Nordberg 196u). They obser-—
ved the ray paths and velocity of the sound waves pro-
duced when a sequence of grenades is ejected from a
rocket as it passes through the atmosphere. Results
from various rocket experiments will be discussed in

Section 8.

Electrons are the lightest tracers which can
be used to study the motion of the ionised gas containing
them. Solar radiation is the most common source of
ionisation, and the consequent free electrons in the
upper atmosphere. The ionosphere so produced appears
as an inhomogeneous, anisotropic, dissipative medium to
electromagnetic wavese. The inhomogeneities in the
ionosphere diffract electromagnetic waves passing through
it, or reflected from it, and it is possible to deduce

some properties of the medium from a study of the
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diffraction pattern formed on the ground. This fact
is the basis of the experimental work described in out-

line in Section 2 and in more detail in Sections 3 to 7.

The intensity at any point in the diffraction
pattern is a random function of space and time and var-
ious statistical parameters for describing its behaviour
are defined in Section 3. Section 4 shows how the stat-
istical parameters are used to determine the drift
velocity of the diffraction pattern, and in Section 7 we
investigate relationshipsbetween the diffraction pattern
drift velocity and winds in the atmosphere between alti-
tudes of 65 and 100 km. Section 5 is a brief descrip-
tion of the equipment (details are given in the appendices)
and Section 6 discusses the records obtained from the

equipment.

The ionosphere is only a small part of the
whole atmosphere, which is a compressible, inhomogeneous
fluid on a rotating sphere - the earth. The fluid is
perturbed by tidal forces, thermally generated circulation
systems and various forms of instability. The time
scale and dimensions of atmospheric motion are consid-
erably larger than any observation period, and of any
practicable geographic positioning of experimental

equipment. Consequently the observable atmosphere
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appears to be statistically non-stationary, i.e. even

its "average'" properties are not constant. Any theories
of atmospheric motion, or explanations of experimental
observations, are therefore severely limited by the
approximations which are necessary to obtain a quanti-
tative answer. In Section 8, the equations of atmos-
pheric motion are considered and, with the help of
certain approximations, used to interpret the experi-

mental resultse.

The emphasis throughout this investigation
has been to use the diffraction drift experiment as a
tool for the synoptic investigation of atmospheric
winds above altitudes of 65 to 70 km. The discussion
in Section 8 shows that this aim was achieved. The
principal techniques which have made this objective
attainable are the
(i) use of simplified data recording methods, whose
use became evident after an investigation of the
minimum amount of information necessitated by
the method of correlation analysis
(ii) the elimination of manual data reduction and
(iii) the conceptof on- and off- line computing
equipment as forming an integral part of the
experimentgl apparatus, making it possible to
simplify the field equipment and thereby improve

its reliability,
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2. GROUND=~BASED RADIC OBSERVATIONS OF AIR MCTION IN

TEE UPPER ATMOSPEERE.

2.1 . PRINCIPLES OF THE METHOD.

After the establishment of radio communications
in the early years of this century it soon appeared that
there were short-term (compared with diurnal variations)
variations in the amplitude of the electromagnetic waves
received at a fixed point, from a fixed transmitter.

This amplitude variation was called "fading". Appleton
and Retcliffe (1927) investigated the fading of waves
received from a transmitter 150 km from the receiver.

By using a loop and a vertical aerial to distinguish the
ground wave from the wave reflected from the ionosphere,
they were able to show that the principal cause of fading
was the fluctuation in amplitude and phase of the reflected
wave, the variation in polarisation and angle of incidence
being negligible. Ratcliffe and Pawsey (1933) found thsat
the amplitude variations of the reflected wave were not
identical at two points a wavelength or so apart. The
ionosphere was therefore producing a diffraction pattern
across the ground, but at any point the intensity of the
pattern was a random function of time. Pawsey (1935)
then showed that although the amplitude variations at two

separated points were similar there was often a time delay



between corresponding maxima and minima, indicsting a
translational motion of the diffraction pattern. | Mitra
(194S) used three aerials in a triangular array to investe
igate the two-dimensional motion of the diffraction patterm.
Figure 2.1 indicates the basic principles of this spaced
receiver methcd of investigating a drifting diffraction
pattern. Figure 2.1 (&) is a vertical cross-section of

the experiment. The transmitted waves are returned from
the "rough" reflecting surface and produce the diffraction
pattern on the ground. Figure 2.1(b) is a horizontal
cross-section, with a hypothetical set of contcurs of
constant electromagnetic field strength. As the pattern
mcves across the ground it intersects the receiving aerials
and the variations in field strength can be recorded as a
function of time at each of the three points. An analysis
of the field strength variations yields the time delay
between pairs of receivers, and enables the velocity of the
pattern to be calculated. The methods used are discussed

in Section 3 and L.

2.2 THE NATURE OF THE REFLECTING SURFACE.

Two further approximetions are implied in Figure
2.1(a) which shcws a single, abrupt discontinuity in re-
fractive index. Wave propagation in an inhomogeneous

medium may be represented by the equetion
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c R 2
5 +n°(z) E = o (2.1)
dz
where n = refractive index
z = distance along the vertical axis
E = -electric field strength.

The use of ray theory, or the Liouville (WKEJ)

approximation, requires that

dn

1 &
n dz ~ O
(2.2)
2
and 1 dmn = 0
n dz

If the relative change in refractive index is not negligible
there is a reflected wave. Equations (2.2) are rendered

invalid by two conditions:

(1) n = o ("total" reflection)

and (ii) %% ~ n ("partial" reflectione)

Most of the results to be described utilised partial re-
flections from the lower parts of the ioncsphere where the
electron density is low and the refractive index close to
unitye. Consequently the rate of change of refractive

index with height must be quite large to generate a reflected



wave. Since the fractional change in refractive index

is not large, this change must occur in a very short
distance. Albini and Jahn (1961) and Brekovskikh (1960)
show curves for calculations on various (simple) theoret-
ical mcdels for a discontinuity in refractive index.

They find that if the discontinuity extends over a distance
of about a half-wavelength or less, the actual shape of the
discontinuity is of secondsry importance. The reflection
coefficient depends primarily on the difference in refract-
ive index on either side of the discontinuity. A step
discontinuity in refractive index is therefore a reasonable
model, and a very useful one becauce the (Fresnel) reflec-

tion coefficients are easily calculated.

There is evidence that even when the totally
reflected waves are ccnsidered, irregularities close to
the point of reflection are the principel scurce of fading.
The experimental evidence is provided by Jcnes (1958) who
measured the variation of wind velocity with height, using
waves of frequency 2.0 and 2.5 Mc/s, each totally reflected
from the E layer at an altitude of about 110 km. The
physical separation of the reflection heights was about
L kxm. Jones measured the directions of drift at the
two heights and found thet they were consistent with the
physical separation in true reflection height. The

results also agreed with Greenhow and Neufeld's meteor
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wind measurements at Jodrell Bank. The theoretical

evidence is provided by Pitteway (1960).

It can therefore be assumed that the movement
of the diffraction pattern on the ground depends on the
movement of the irregularities within a small distance,
probably of the order of several hundred metres, of the
reflection height. This is well within the limits

imposed by the height resolution of the equipment.

2.3. HEIGHT RESOLUTION OF THE RADIO METHOD.

In the experiment energy is radiated by the
transmitter in the form of pulses 25 microseccnds long,
on a radio frequency of 2.4 Mc sec_1 (a wavelength of
125m). The reflected wave at any instant is therefore
the superposition of waves returned from ioncspheric
irregularities lying within the 4 km thick walls of a
spherical shell (see Figure 2.2). The movement of the
ground diffraction pattern depends on the average movement
of the irregularities contained in the spherical shell.,
An order of magnitude estimate of the shell's dimensions
is possible since the pulse width determines dS (about
L4 km); the reflection height (h) is about 80 km; the
angle (Gd) within which the significant part of the re-

flected power lies, estimated from a typical value of
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cross correlation between two aerials spaced two wavee=
lengths apart, is about 2Oo (the semi-angle subtended by

the first Fresnel zone is 2.3°).

Thus h sin Gd = 27 km

and h cos .d = 75 km

hence d = h - h cos ©
a d

5 km

The height limits of the spherical cap are therefore
da +id, = 9 Jane The height resolution for a uniformly

dense scattering region is thus 9 km.

Because the atmosphere is hcrizcntally strat-
ified, with changes in the verticel dimension being much
more rapid than changes in the horizontal direction, we
can expect a resolution somewhere between L4 km, for an
infinitely narrow reflecting region and 9 km, for an

infinitely thick scattering region.
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Se CORRELATION ANALYSIE OF THE GROUND DIFFRACTION PATTERN.,

Standard techniques are available for the analysis
of the fading records from spaced receivers. An excellent
review of ionospheric diffraction has been given by
Ratcliffe (195€). The most satisfactory techniques
(described in Section u) necessitates a ccnsiderable
amount of computinge. The purpcse of the present study
is to investigate synoptically the winds below 100 km, so
that methcds of analysis must be rapid and convenient.
With scme approximations and consequent simplificetions,
the ease of recording deta and the subsequent analysis
by correlation techniques can be made acceptable for use
in synoptic wind observations. The simplified method

is discussed in Section 3%.2.

301. THE CORRELATION FUNCTIONS OF THE FADING RECORDS.

The physical variable actually measured in the
spaced-receiver experiment is the electromegnetic field
strength on the grourd. The field induces in each aerial
an e.m.f. which is amplified by the succeeding radic

receivers. Let the electric field strength at an aerial be

Eo(t) exp j rwct + o(t)] (3.1)
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Equation (3.1) is the usual expression for a randemly
perturbed wave. It indicates an "almcst simple harmonic"
variation of field strength, with an angular frequency We
and amplitude and phase terms which are random functions
of time. If the ratio of receiver output voltage to

electric field strength at the aerial is Gs’ the receiver

intermediate frequency amplifier output voltage must be

Ve (t) Gy Eo(t) exp § fw,t + o(t)]

A(t). exp j o(t). exp J w, t (3.2)

If the receiver is a superheterodyne mc should be replaced
by W; oy the intermediate frequency, but translation of the
carrier frequency will be neglected. Equation (3.2) then
represents the output of the intermediate frequency ampli=-
fier in the receiver. Figure 3.1 is a tracing of the
reccrding, originally on a paper chart, of the output

from a pair of detectors, operating in the rectifying
mode. The output of the detectcrs is A(t). The fading
records are similar and there is a time lag between the
similar parts of the records, indicating translational

motion of the diffraction pattern.

The equipment, used in this experiment used

coherent detectors to simplify the problem of determining
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a reference level for recording (see Section 3.2).

The function

V(t) = Real [A(t) exp § o(t)] (3.3)

is the output of a ccherent detector with a signal input

given by (3.2) and a phase reference signal of
v = A, exp ] w.t- (3.4)

The waveform represented by equation (3.3) is similar
in appearance to the fading records in Figure 3.1, except

that the mean value is zero.

Figure 3.1 emphasises that the physical quant-
ities are random functions of time. Consequently previous
statements abcut '"comparing the electric field strengths
5t two points in the diffraction pattern'", and "measuring
the time delay between the pairs of fading records'" now
have to be given a quantitative meaning in terms of the
properties of random variablese. Two random functions
are compared statistically by calculating the correlation

coefficient between them. This quantity is defined as

*
BTN (3.5)
2> <vd) )
€V, 7> <v,



If the two randcm variables are identicel,
r=1. If they are "mirror imeges" r = -1 and if they
are independent functions, r = 0 (but if r = 0, they are

not necessarily independent functions).

If two of the aerials in Figure 2.1(b) are in

a line parallel to the velocity of the diffraction pattern,
and the diffraction pattern does not change as it moves,
the fading records of the two receivers connected to these
aerials will be identical, but there will be a time dis=
placement. Consequently r # 1. Hewever if one fading
record is shifted by an amount corresponding to the time
delay, r = 1. Equation (3.5) is therefore generalised

to allow for a time difference?

_<Vi(t). Vj*(t + T)>

() = ;
i V2t <v 2 (1)>)? (3.6)

Equations (3.4) and (3.5) are limiting forms of (3.6).

The numerator of (3.6) is called the covariance; if j = i

it is the usual variance of Vi’ sometimes called the auto-
covariance. A graph of r against T is known as a ccrrelo-
gram; if i = j it is an autoccrrelogram, and if i # j it is
a cross-—correlogram. The function r,, (t) is known as an
autocorrelation function, and Ty (t) is a cross-correlation

function, of the lag <. (Examples of auto- and cross-

correlograms are shown in Figure 4.2(a)). Accepting this
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short catalogue of jargon, we can now proceed to discuss
quantitatively the characteristics of the diffraction
pattern formed on the ground by electromagnetic waves

reflected from the random irregularities in the ionosphere.

The diffraction pattern is two-dimersional and
changes with time. The average characteristics of the
time variations are described by the time correlation
function (3.6), and the average characteristic of the
spatial quantities can be described by the space correl-
ation function,

e (0) ST Tt B

<V, (£)%>< v, (2)%2)? (3.7)

Equation (3.7) describes the average properties of the
diffraction pattern along a line in the ground plane.

Both the time (3.6) and space (3.7) correlastion functions
provide a measure of the time and space scale of the
diffraction pattern. Commonly the time lag, To’ such
that r(g) = 0.5 is called the "fading period". Similarly
the spatial displacement, éo, such that

1%68 = 0.5 is called the "size" of the diffraction pattern.
There is no reason why the diffraction pattern should be
statistically isotropic, and ccnsequently a different

value of rij(é) will be obtained for each orientation of
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the observation pointse. The calculations of all the
time and space correlation functions which would be
necessary to define the diffracticn pattern in detail
would occupy an unreasonable amount of time and require
an enormous amount of experimental equipment to record
the observations. The two space dimensions of the
ground diffraction pattern and the time dimension can be
combined to give a three-dimensional correlation function,
with contours of constant correlation forming a three-—

dimensional surface.

3e2. THE APPLICATION OF TETRACHORIC CORRELATION TO THE

ANALYSIS OF FADING RECORDS.

In the correlation analysis of the fading records
from three spaced receivers the three cross—= correlation
functions must be computed for a large number of lags.

At least one of the autocorrelation functions must also

be computed, but a better estimate is obtained if all three
are computed and their average ucsed. A considerable

amount of computing is necessary to produce all these
correlograms and the purpose of this section is to ccnsider
how we may retain the advantages of the correlation analysis
without the considerable amount of labour and computer time

normally required.

The three steps traditionally required by the



18
method are

(1) Recording of the three field strength variations
on photographic film or pen recorder chart.

(2) Manual reading of these films or charts and the
recording of the values in a form suitable for
calculation or input to a computer.

(3) Computaticn of the correlation functions,
manually or by means of an electronic digital

computer.

We can eliminate the alternative in (3) because
manual computation is out of the question. It takes
several days to produce a set of correlograms from a
10 minute observation. The correlation analysis can only
be used if a computer is available. The manual reduction
of records (step 2) is as lengthy a process as the manual
computation and is subject to error. This step can be
eliminated altogether if the experimental apparatus reccrds
the information in a form suitable for input to a computer.
Punched paper tape was selected as the recording medium
because it is more satisfactory for field use than magnetic
tape. Paper tape punches and the associated equipment
are also cheaper to operate and more readily available

than the equivalent magnetic recording apparatus.

Having concluded that the field strength variations
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shall be recorded on paper tape, we must decide on a
method. An obvious approesch is to use one or more digital
voltmeters, with their accompanying scanning and programming
unitse. However, apart from the high cost of such complex
equipment, there is the problem of maintaining it at a

field site.

Fortunately, the digital voltmeter(s) and assoc—
iated equipment are unnecessary as investigations of the
cross-correlation functions of distorted functions (Lawson
and Uhlenbeck 1950, Bussgang 1952, Heaps 1962), show that,
provided the Jjoint probability distribution of the two
waveforms is known, there is no information lost even if the
two functions have been badly distorted by the receiving
equipment. We shall consider only an extreme form of
distortion - complete limiting (hard clipping) of the
waveforms. Under these conditions the only information
we retain is whether or not the waveforms exceed given
reference levels (denoted by Ci and Cj) which are determined
by the equipment. Consequently there is no need for any
degree of accuracy in reading the records and the linearity
of the receiving equipment is quite unimportant. However
another problem is introduced by the necessity to realise
Ci and Cj' These are constants which, translated into
electrical circuits, must be constant voltages. The most

convenient level for Ci and Cj is zeroe. In this case
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Vi and Vj must be bi-directional signals and can be
obtained from a coherent detector (equation %.3). Tetra-
choric correlation is commonly called polarity-coincidence
correlation when Ci = Ci = 0, as the only information

(>

required is the sign, or polarity, of the waveform.

When the waveforms have each been limited the
cross-product, Vi(t) Vj(t + 1), can only have one of four
possible values, since Vi and Vj each have only two possible
values, i.e. the waveform is now binary. The cross=—
correlation may therefore be expressed in terms of the

probabilities of each of the four values occurring, as

in Table 3.1.

TABLE 5.1,

PROBABILITY OF OCCURRENCE OF CCMBINATIONS OF Vi AND Vj

Vi< Ci Vi>ci
V5'< CJ a b a+b
Vj - CJ c d c +d
a t+ c b + a 1

a is the probability that both Vi and Vj are less than

their respective reference levels; b is the probability
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that V1 exceeds its reference level while Vj remains
below its reference level, and so oOne. There is oniy
one degree of freedom in this table since the determin-
ation of a,b,c, or d is sufficient to determine the other
three quantities (the sums at the sides of the table are
determined by the probability distributions of the individ-

ual waveforms).

We can, of course draw up a table like Table
3«1 even if we have no information at all about the joint
probability distribution of Vi and Vj’ or about the res-
pective probability distributions. Comparisons of this
nature are used extensively in analysing qualitative in-
formation like that obtained in the social sciences or
where only two possibities are to be considered, such as

the absence or presence of rain (Brooks and Carruthers

1953)

Early work on this type of comparison has been
described by Yule (1900) and Pearson (1901). Table 3.1
is a form of contingency table and various coefficients

which can be defined from its entries a, b, c, and d are

(1) Yule's coefficient of association

Q, = ad - be
1 7 ad + be (3.8)
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(2) Yule's coefficient of colligation
6 = Nad -abc
2 = Vad *wbe (3.9)
(3) Pearson (1901) defined several more coefficients,

among them being

(3.10)

503%. CAICULATIONS FOR A JOINT GAUSSIAN PROBABILITY

DISTRIBUTION.

If we assume that the Jjoint probability distri-
bution of the output waveforms (Vi(t)’ Vj(t)) of a pair

of receivers is the bivariate Gaussian distribution

& ww. v.C
_ 1 1 i i i
p(V., V.) = : exp - -2n +
-4 ox 1 - 1° 2(1 - r2)\s,? 5. s. 8.°
i i73 j
(3.11)

where siz, sj2 are the variances of Vi and Vj respectively
and r is the cross-correlation between Vi and Vj’ It is
implicit in (3.11) that v, and Vj each have zero mean. A
non-zero mean is easily dealt with by a suitable adjustment
of C; and C,. From (3.11) it is possible to calculate the

probability of Vi and Vj exceeding their given reference
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levels, Ci and Cj’ i.e. calculate 4 in Table 3.1. Simi-
larly a, b or ¢ can be calculated. For simplicity, we
will assume that the receiver output voltages and reference
levels are defined in terms of their respective standard

deviations, i.e. write

X = Vi / 54
y =V, / B4
h =0, / 5,
k =0, / s, (3.12)

We will also adcpt a simpler notation for the

integral of the bivariate Gaussian distribution and write
o0
L(h,k,r) =‘IE; Jiy p(x, ¥) (3.13)

Using this notation, the entries in Table 1 are

a = L(=h, -k, 1)
b = L(h, =k, T)
(3.14)
c = L("‘h’ k, I‘)
d = L(h, k, 7)

We can then, in principle, find the cross-correlation

between the two fading records, Vi(t) and Vj(t), by using
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the experimental results to ccnstruct a tetrachoric table,
and then looking up a suitable set of tables of L(h, k, r)
such as those in the National Bureau of Standards Applied
Mathematics Series (NBS 1959). As the purpose of this
thesis is to discuss rapid methods of finding values of
correlation, the looking-up of tables is of no further
interest. The necessary table look-up could be performed
by a digital computer but the storage requirements are
excessive. If a digital ccmputer is available, it is
possible to calculate L(h, k, r) using a series expansion
and to find r by an iterative process. A suitable series,

which always converges, is (Kendall and Stuart 1961)

L(h,k,r) = ;E:%? H,_, (h). H,_, (k). a(h). a(k) (3.15)
where a(x) = (2%)-1/2 exp(—x2/2) (3.16)

and the H's are the Hermite polynomials:

Ho(x) = 1

H1(X) = x

H,(x) = %%

Hy(x) = =, (x) = (n-1) H _,(x). (3.17)

The clipping reference levels h and k need not



be measured in the equipment as they can be calculated
from the mean values of x and y, once the gains of the

receivers have been made equal.

In the 1limit, when h = k¥ = 0, (3.13) reduces to

% sin Tp (3.18)

L(0,0,r)

whence r = sin % rL(o,o0,r)T
and equations (3.14) become
a = L(-0, -0, r) = L(0, O, r)

b = L(O, -o’ I')

¢ = L(-0, 0, r) = L(O, -0, r)

d = L(0o, 0, r)
Hence a = d
and b = ¢

The coefficients defined by Yule and by Pearson

then become

2
-2 -b
Q1 a2 N b2 (3019)
_a ->b
W =TT (3.20)

O
I
w
'_I.
=
12
o
1
O
\/L,

(3.21)
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Pearson (1901) studied 15 sample data pairs and

fcund that there was considerable disagreement between

the correlation coefficient calculated in the normal way
and the tetrachoric correlation defined by Q1, the mean
error over 15 samples being 24 per cent. He did not
consider Q2, but found that Q3 had an error of only 4 per
cent. Q3 is exact for a Jjoint Gaussian probability dis-

tribution, and many physicel processes are known to approx-—

imately obey such a distribution law.

Rice (1944, 1945) deduced the probebility dis-
tribution of a narrow-band randcm waveform. The in
phase and quadrature components which are A(t) cos o(t)
and A(t) sin o(t) respectively, using the notation of
equation (302), each have a Gaussian probability distri-
bution. The coherent detection system therefore has an
output voltage with a Gaussian probability density function.
The detector is then succeeded by the amplifiers and
clippers necessary to generate the binary waveform.
Equation (3.18) enables the correlation coefficient of
the Jjoint Gaussian probability distribution to be calcu-

lated from the tetrachoric correlation L(0,0,r).
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SECTION L. THE DETERMINATION OF THE DRIFT VELOCITY

4o1. INTRODUCTION TO THE VELCCITY PARAMETERS.

The velocity of the drifting diffraction pattern
can be determined from the correlograms by the methcd
discussed below. The discuscsion is adspted from the

paper by Briggs, Phillips and Shinn (1950).

The diffraction pattern moves over the ground
as the properties of the diffracting screen varye. Its
detailed structure is also subject to random changes.

Ag the cobzervable changes are confined to the two dimen-
sions of the ground plene, it is convenien® to represent
the random changes as the result of a fictitious mcvement
in the vertical direction. The random variations are
really due to temporal changes in the diffraction pattern
so that distances in the fictitious vertical direction
must be measured in units of vct', where t' is the actual

time scale of the random variations and v isd4 proport-
c

ionality constant with the dimensions of velocitye. In
this way the problem is reduced to the study of an un-
changing diffraction pattern moving in three dimensionse.
Distances are measured in terms of the three cartesian

components x, y, and v_t (see Figure L.1a).



28

The true motion of the drifting diffraction

pattern is given by the vector
V= (v, V) (Le1)

The proportionally constant vc was labelled

the characteristic velocity by Briggs, Phillips and Shinn

(1950). They labelled the vector

Z'C = (VX, Vy, VC) (LI»-Q)

the fading velocity (see Figure L.1(b).

The signifiance of the fading velocity v'c and
its three components is best shown by considering an
observer at the origin of the axes in Figure L.1(a)
(observations can of course, only be made in the ground
(x, y) plane). If the diffraction pattern has no trans-
lational motion and there are no random variations with
time (i.e. v, = 0), the observer sees a constant amplitude.
If the diffraction pattern is the result of reflections
from a moving rigid surface with randomly varying reflect-
ion properties, the observer sees a randomly varying amp-
litude and could measure a fading period (as defined in
Section 3.1). The observed fading period (101) and the

size (6., also defined in Section 3.1) of the irregular

o,



29
amplitude variation parallel to the direction of motion

are then related by the velocity of the drifting pattern

I
o

®
~
Q

The higher the drift speed, the faster the fading.

In contrast we can consider reflections from a
turbulent reflecting medium with no mean horizontal motion.
Then v, = vy = 0. The observer measures a fading period
(102) characteristic of the random motion and the charact-
eristic velocity is, by its definition, (60 / 102). The
diffraction pattern size (QQ will, in general, depend on

the direction in the (x, y) plane along which the measure-

ments are made.

In reality the diffracticn pattern changes as
it drifts past the observer and the ratic of pattern size
(60), measured parallel to the direction of drift, to the

observed fading period (To) defines the fading velocitye.

1 —
v c = (So / TO (LI..LI.)
The fading velocity is a function of the direction in

which 60 is measured.
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The fading velocity (v'c) comprises two parts
(see equation (4.2)) - a component (v) due to the drift
motion of the diffraction pattern and a component (vc)
due to random changes in the diffraction pattern. Con-
sequently if an observer moves across the ground plane,
his speed relative to the diffraction pattern is a min-
imum when he moves with the same velocity as the drift
component of the diffraction pattern and all he sees is
the random fading represented by Ve Conversely if the
observer moves with such a velocity that he sees a max-
imum fading period, indicating a minimum fading velocity,
his velocity must be equal to the drift velocity (X)'
This fact provides us with a definition of the drift
velocity in terms of observable guantities. This def-
inition of the drift velocity (v) also provides the
definition of the characteristic velocity (vc) because
the minimum fading velocity, as measured by the moving

observer, is Jjust Ve

4,2, DETERMINATION OF THE VELOCITY PARAMETERS FROM THE

CORRELOGRAMS.

NOTE In the succeeding sections the distinction
between t he tetrachoric correlation, L(0,0,r), and the

true correlation coefficient, r, is ignored since the

actual shape of the correlation function is not required

in the analysis.
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The observable quantities in the correlation
analysis are indicated in Figure u.2(a) which shows
the mean auto-correlogram and one cross-correlogram of
data recorded on 15 December 1963 at a reflection height
of 76 km. It will be assumed, as in the Briggs, Phillips
and Shinn (1950) paper, that the diffraction pattern in
the ground plane is statistically isotropic, i.e. the
pattern Size‘(ao) is independent of directione. It will
also be assumed that the two receivers are parallel to
the drift velocity vector (XZ: The latter assumption
is invalid for the particular correlograms of Figure L4.2(a)
but provides us with a simplified picture so that the
principles of the correlation analysis may be more easily

explained. The observable quantities used in the analysis

are
T the time delay for maximum cross-correlation (rm)
rk the cross-correlation at zero time delay
Tk the time delay at which the autocorrelation has
fallen to T
and T the time delay at which the autocorrelation has
S

fallen to r
m

These parameters are shown in Figure u.2(a).

The space and time correlation functions can be

represented, to a first approximation, as ellipses of
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constant correlation in the (6,1) plane, as shown in
Figure 4.2(b). It is assumed that the time and space
correlation functions have the same shape, although this
shape (i.e. the exact form of the correlation functions)
need not be known. The ellipses of constant correlation
must therefore be concentric and have a constant axial
ratio. Figure u.2(b) can be thought of as a bird's-eye
view of a hill whose horizontal cross sections are the
correlation ellipses, and whose peak is the origin with
a maximum correlation value of 1.0. The auto-correlo-
gram of Figure M.Z(a) is thus a vertical cross section
of the correlation hill in the plane § = 0O, and the cross-

correlogram is a vertical cross-section at § = 4 the

O’
spacing between the two receivers whose output signals
were compared. The outer ellipse in Figure u.2(b) is
the lower contour r = Ty while the inner one is r = rm.

The position of the r, ellipse is determined by its inter-

k
cepts with the & and g axes at do and Ty respectively
while the inner ellipse must be tangential to the ling
o = do. om is the intersection of the T ellipse with
the &- axis and is not an observable quantity. From
the definition of v'c (equation L4.4), and the assumption

of similar space and time correlation functions, we see that

(L4.5)
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The calculation of the characteristic velocity
(VC) follows from the definition given in the previous
section i.e. Ve is the minimum fading velocity that can
be observed. The minimum fading velocity corresponds to
the maximum fading period for a given correlation value.
This value is given by the point of contact between a
line of constant time delay tangential to the ellipse for
that value of correlation. This time delay is shown as
T, in Figure L.2(b)e It is not an observable quantity.
The correlation appropriate to the spatial separation of
d_ in the ground plane must therefore be the same as that

o}

produced by a shift of Vo Ty along the T-axis. Thus
do )
S (L6
Ty

If there was no random component of fading the
drift velocity would be that appropriate to the actual
receiver separation (do) and the time lag for maximum
cross—-correlation Grm). The presence of the random fading
makes this simple interpretation impossible but we may

define another term with the dimensions of wvelocitye.
o)
v = — (L.7)

v' is called the apparent drift velocity (Briggs, Phillips

and Shinn 1950) and its significance is indicated in
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Figure L.3. It is the velocity of point P in the ground

plane (see equation (4.8) below).

The three-dimensional diffraction pattern passes
the two receivers placed at O and P in the direction of
the drift velocity vector (which is here assumed parallel
to the x-axis). The characteristic velocity v, has been
defired so that the three-dimensional diffraction pattern
is statistically isotropic. Maximum cross-correlation
thus corresponds to the shortest distance in the diffrac-
tion pattern, i.e. to the perpendicular distance (PP' in
Figure 4.3) between lines passing through the two receivers
in the direction of z'c. The point in the diffraction

pattern which was at O when t = O has reached P' in a

time Ty ? then

OP' =v' =

c m
1 |
O'P' = vc Tm
00' = v 1
m
_ '
OP =v' < (L.8)
Now O'P' = PP' cos ev
= OP sin 6. cos 6
v v
where 6,= tan _1(O'P' / 00'") (4.9)

On substituting (4.8) in (4.9) we find that
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vv. = v + v

(4L.10)

1l
~
<
) —"g
N

v’c and v' are defined by equations (4.4) and (4.7) res-

pectively so that

- _0 m
= —n (L.11)

The velocity defined by equation (4.11) is the
true translational velocity of the diffraction pattern.
The expression is of little use because its derivation
was based on the assumption that the two receivers lay
on a line parallel to the drift velocity (X)' We must
next consider how the analysis can be extended to cover

the more general situation.

L.3. VELOCITY PARAMETERS WHEN THE RECEIVERS ARE NOT IN

THE LINE OF DRIFT.

When the drift velocity Y is not parallel to
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the line Jjoining the two receivers, its magnitude and
direction can only be determined by using a second pair
of receivers along a line in a direction not parallel
to the first pair. To simplify the analysis it will
be assumed that the second pair of receivers is at
right angles to the first pair, but with suitable tri-
gonometrical manipulation the analysis can be extended
to any combination of receivers. Figure L.4 shows the
system of x, y, and vct axis with receivers at O, Xo and
Voo The analysis to determine the various parameters
relative to the x-axis can be carried out as in Section
L.2, except that P is replaced by x, and the suffix x

is used to indicate that measurements are relative to the

x-axis. The set of equations corresponding to (4.8) is

00 ' =v T
X

OP' 1

1

<
e}
e

Do (Le12)
OXP =V fqn

Ox
o)

I
s
i

!
Now cos (P Oxo) cos 6 cos g

R 00"
X

OP' cos® cos o
s v

1 —
and OP' = Oxo COE ev cos mv
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Thus  00' . Ox_ = (op')?

x
OOX' = 00' cos .,
00' = 0x_ cos 9, (L13)
2
r 1
or vv,' = ')
vV, =V coe ¢
vl =/ cos o, (1)
. v 12
similarly R (vc )
v, =V sin ¢,
v,' =v' /sin g (4e15)

The angle (@V) between the drift vector (v) and

the x-axis is given by

0, = tan” (v,' /v.') (L.16)

and the magnitude of the drift vector is

L.4y. THE ANALYSIS OF A STATISTICALLY ANISOTROPIC

DIFFRACTION PATTERN.

Phillips and Spencer (1955) showed how the

restriction of a statistically isotropic ground diffrac-
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tion pattern could be relaxed. They used a procedure
similar to that adopted by Briggs, Phillips and Shinn
(1950) who, when dealing with the space and time vari-
ations, introduced a scale factor Ve The ellipsoids
of constant correlation which describe the statistically
anisotropic pattern can be squeezed or stretched to a
sphere by using suitable scaling factors. Phillips and
Spencer (1955) used a dimensionless constant and a rot-
ation angle. The intersection of the unmodified con-
tours of constant correlation with the ground plane was
an ellipse of variable orientation. It is shown in
Section 6 that this extension of the analysis is not
necessary for the results obtained in the current experi-

mente.
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Dl OUTLINE OF EXPERIMENTAL METHOD .

The equipment used for the observation of the
high altitude atmospheric winds by the diffraction drift
method is conveniently divided into two parts

(a) the radio transmitter, receivers and associated
apparatus at the Birdling's Flat field site
and (b) the computer (IBM 1620) and associated off-line
equipment in the Mobil Computer Laboratory of
the Department of Mathematics, University of

Canterbury.

Only an outline of the apparatus is given here.

Details of the electronic circuits are given in Appendices.

5.1. APPARATUS AT BIRDLING'S FLAT.

5.1.1 THE RADIO TRANSMITTING AND RECEIVING EQUIPMENT.

This is situated at the Birdling's Flat field
site (MBO 50' 8, 1720 LO' E, 30 km south of Christchurch),
and comprises the following:

(a) A radio-frequency pulse transmitter generating

a 25 micro-second pulse with a peak power of

120 kW at repetition rates of 25 or 50 sec™ 1,

The carrier frequency is 2.404 Mc/s, and the

wavelength 125m.



(b)

(c)

L0
Transmitting aerial array of 8 half wave ele-
ments in a broadside array, with a calculated
gain of 13.8 dB (relative to an isotropic
radiator).
Three receiving arrays, each of two in-phase
half-wave elements with a calculated gain of
7.8 dB. They are connected to the receiver
by way of 600 ohm open-wire transmission line.
The arrays are in the form of a right-angle
triangle with sides of 250m (two wavelengths).
A spacing of two wavelengths was used. The
scale of ionospheric diffraction pattern is so
variable that any one spacing will cause re-
jection of some records in which the cross-
correlation is too high or too low for satis-
factory analysis. A spacing of two wavelengths
ensures that the rejected observations would be
of the smaller scale diffraction patterns,
which could arise from a large random fading
component and thus be a poor indication of
atmospheric wind motion. It was felt that,
should the diffraction pattern scale be too
small for a significant correlation, digital
smoothing could be applied to remove the high

frequency components. An equilateral triangle

is considered more satisfactory for the diffrac-
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tion drift method (Barber 1957) but the receiv-
ing arrays were sited with the possibility of
future interferometer experiments in mind.

(d) The three receivers are each preceded by a balun
matching unit. For reliability, and with relat-
ed experiments in mind, it was decided to use
three independent receiver channels rather than
one channel with diode switches at the input and
output. The crystal-controlled local oscill-
ator is common to all three channels to main-
tain a constant phase reference at the three
coherent detectors. The phase reference sig-
nal for the coherent detector is derived from
the transmitter crystal oscillator which runs
continuously. The receivers also include a
video amplifier designed to reproduce the bi-
directional signals with negligible shift in
the d.c. level.

(e) A phase calibration oscillator is necessary to
eliminate any systematic phase differences
between the three receiver channels. The os-
cillator and its loop aerial were placed equally

distant from the three receiving aerials.

Hele2. SIGNAL PROCESSING UNIT.

This collective term refers to the circuits
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between the receiver video stages and the recording de-

vicee.

The video output signal is first limited about
ground potential by cascaded diode and Schmitt limiter
stages. A height gate pulse then selects the required
part of the reflected waves. The gated signal is at
this point a 10 microsecond bit with a repetition period
of 20 milliseconds and an amplitude of 12V. Its average
power is too low to drive a pen recorder, and it is too
short to operate the low speed punch driving circuits.
Each signal bit therefore sets a flip-flop which is used
as a single-bit storage cell. The flip-flop is reset by
each transmitter trigger pulse. In this way the duty

cycle is increased from 0.05 per cent to about 97 per cent.

The fading period of the signals is about 1 to
5 seconds so that there is no need to sample the receiver
outputs more frequently than about 2 sec—1. In practice
a sampling rate of 3.125 sec-~1 was used (derived from a
50 sec”| fork and a L-stage binary divider). With a
transmitter pulse repetition rate of 50 sec_1 there is
therefore a considerable amount of redundancy in the re-
ceiver output signal. It is therefore possible to improve
the signal-to-noise ratio by using an integrator circuite.

is
The capacitor/switched to give integration time constants
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of 0.05 or 0.25 seconds. The integration increases the
rise-time of the binary signal to 2.2 times the integra-
tion time constante. To reduce uncertainties in switch-
ing levels, this slow signal is again limited about its
nominal mean level. A description of the signal process-
ing unit, including a logic diagram appears in Appendix

C. Appendix B gives details of the logic elements used.

Dele3e RECORDERS .

The output from each channel of the signal pro-
cessing unit has only two values, depending on the value
of the limiting amplifier input voltage relative to the
reference level. Each observation from each receiver
may then be recorded as a single binary digit which has
the value '0O', say, when the limiter input is below the
reference level, and the value '1' when it is above.

The binary outputs of the three receivers may be recorded
as three separate entities on a three-channel recorder,
but the recording process is considerably simplified

if the three digits are considered together as a binary
coded decimsl or octal number. A single digit, in the
range O to 7, then specifies a unique state of the re-
ceiving systems outputs. When the correlation cal-
culations are to be carried out this octal or decimal

digit must of course be decoded to the original three
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binary digits so that the probabilities in the tetra-
choric tables can be calculated. The recording pro-
cess has been simplified although the calculations are
complicated by the addition of a decoding operation,
but this is of no conseqﬁence if a computer is available
to carry out the decoding. The decoding required

only a small fraction of the total time needed to com-

pute the points for the correlograms.

While the paper tape punch control circuits
were being constructed a two charnel pen recorder was
used to record the binary output data from the three
receivers. The pen coils were driven by the bridge-
connected transistor d.c. amplifiers. By the addition
of shunt feedback these were used as summing operationsl
amplifiers. As three bits had to be recorded on two
channels, the '1' and '2' bits were combined through
the resistive weighting networks of one amplifier to
give a O to 3 indication on one channel. The 'L' bit
was recorded on the other channel. Even this simple
type of chart recording required about 3 man-hours to

read for a 10 minute recording time.

The paper tape punch is an IBM type 961 which
is capable of punching 15 characters sec_1. Eight tracks
can be punched so that a considerable variety (256) of

characters is available. However compatibility with the
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equipment in the Mobil Computer Laboratory made it des-
irable to use the standard IBM code, which also has the
advantage of representing numbers by their binary-coded-
decimal equivalents. The three outputs from the signal
processing unit were therefore punched in the 1, 2, and
L tracks on the tape punch. The punching is carried
out by applying the three signals to three pulses gates
which are driven by the 3.125 sec—1 sampling pulse.

The outputs from the pulse gates set (or don't set) flip-
flops in the punch buffer register which drive the punch.
Once the character has been punched, a pulse from the
punch resets the punch buffer register to await the next
pulse. The logical diagram of the paper tape punch drive

unit is given in Appendix D.

5.2. EQUIPMENT AVAIIABLE IN THE MOBIL COMPUTER LABORATORY.

The computer is an IBM 1620 Model 1 with 40,000
digit storage and card input/output. An IBM 870 unit is
also available for tape-to-card conversion and graph-

plotting, in addition to its other functions.

The tapes which have been punched withthe binary
information at the field site are first read on the 870
and the data digits punched into cardse The cards are

then read into the 1620 and the decimal digits decoded
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to three time series of binary digits. The tetrachoric
correlation function for each point of the correlograms
is then calculated, usually from lags of -40 to +40 for
the cross-correlation functions and O to + 4O for the
autocorrelation functions, with increments of 2 units.
The maximum lag and incremental lag can be varied by a
program control card. The correlogram points are then
punched on to cards in the format required by the IBM
Library Autoplotter program which prepares a deck of
cards for plotting the correlograms on the modified type-

writer of the 870.

The correlation program is written in fixed-
point SPS (a symbolic form of machine language) to ob-
tain the maximum computing speed. Six correlograms with
the lags specified in the previous paragraph, using 150
data digits, are computed in 110 seconds. The same
calculation with a Fortran program takes 70 minutes, al-
though no attempt was made to realise the shortest com-
puting time with the Fortran program as it was obviously
too slow. Normally 500 to 600 data points are used,

with a computing time of 4 to 5 minutes.

An improvement in computing speed is obtained

by using logical instructions for the binary data, instead
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of multiply instructions. As the 1620 is a serial
binary-coded decimal machine logical operations on
binary data are clumsy and inefficient. The program can
be changed to produce the correlograms for 512 two-digit
data points in 6% minutes, so that the logical instruc-
tions do shorten the computing time by about 25 per cent.
The plotting of the correlogram set takes 17 minutes
and is the weakest link (in terms of speed) in the chain
of calculatione. A high-speed line printer would be more

efficient.

The appropriate data is read from the correlo-
grams and punched on to cards, and the velocity parameters

are calculated by the computer.
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6o FEATURES OF THE EXPERIMENTAL CORRELOGRAMS.

A set of experimental correlograms is shown
in Figure 6.1. The auto-correlogram and one cross-—
correlogram of this set were used as examples in Section
.2, The mean auto-correlation function is used because
it is found that the three individual auto-correlation
functions from the three receivers are not identical.
No selection of suitable fading conditions is made at the
field site, so that many records consist merely of the
noise between pulses reflected from the various altitudes
in the atmosphere, and the percentage of useable records
is fairly low (4O per cent). The results described in
this thesis were obtained from 300 sets of correlograms
derived from 740 fading records. It is possible to
assess the minimum useable cross-correlation at zero
time delay. In future the cross-correlation at zero
time delay can be first calculated and if the value
falls below the minimum the remainder of the correlogram

points need not be computed.

6.1+ SAMPLING ERRORS.

The purpose of the investigation is to simplify,

as much as possible, the recording and analysis of data
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for the spaced receiver experiment. We must therefore
consider the amount of detailed information which it is
necessary to retain in the calculations. We have al-
ready seen (in Section 3.2) that the recording can be
simplified because the use of tetrachoric correlation
provides adequate information for the correlation ana-
lysis (the actual shape of the space and time autocorr-
elation functions is of no importance). It will now
be shown that there is no need to consider a statisti-
cally anisotropic ground diffraction pattern and the
refinements of the Phillips and Spencer (1955) analysis

are unnecessarye.

The three receivers are each sampling a random
function - the amplitude of the electric field in the
diffraction pattern - and sampling errors will be present.
The differences between the three time autocorrelation
functions have already been mentioned. The sampling
errors also appear as small differences between the cross-
correlation values calculated from samples of finite
length. These differences are interpreted by the Phillips
and Spencer analysis as anisotropy of the diffraction
pattern, which will introduce errors in the drift velocity
if the anisotropy is ignored. It is, however, unreas-
onable to attribute unusual features to the diffraction

pattern when they do not exist. We can only be certain
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that the unusual features really exist in the physical
system if the errors of observation are so small that
the unusual features are significantly different from

what we would expecte.

A study of the experimental correlograms showed
that fluctuations in the correlation coefficients of
+ 0.1, about a nominal zero mean, were very cOmMMON. We
can tentatively take this figure to be the sample stand-
ard deviation of the ccrrelation coefficient. The axial
ratio is deduced from the calculated fading velocity
(vc') which is in turn derived from the correlograms, as
follows:
(1) Find the cross-correlation (rk) between one
pair of receivers for zero time lag.
(ii) Find the time lag (Tk) of the autocorrelation
function which gives a correlation of r

kl

' is calculated, using equations (L.1l4)

Then v

c

and (4.15) for the respective values appropriate to each

pair of receivers. To find the error introduced in each
of steps (i) and (ii) above we must determine the relat-
ionship between the standard deviation of a correlation

function and the standard deviation of its argument. We

assume, as a first approximation, that the correlation

functions are of the elementary form
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r(u) = exp(—,ul/uo) (641)

where u is either the space or time variable (&6 or =
respectively) and u  is a constant, then the fractional

standard deviation of the correlation coefficient is

s(r) _ s(u) (6.2)

r 110

Equation (6.2) shows that the fractional standard devi-
ations are equal. Let us assume that the ccrrelograms

indicate a value of u = u se that r = 0.3%7. When

o’
s(r) = 0.1 the fractional standard deviation is 0.27,
for each of steps (i) and (ii) above in the determin-
ation of the fading velocity. The fading velocity will
therefore have a fractional standard deviation of 0.38.
Each axis of the ellipse can be determined to this accu-
racy so that the axial ratio may have a fractional error
of + 0.53. The axial ratio is always defined to be
greater than unity so that the variance will be doubled
if the mean axial ratio is unitye. Assuming that the
ground diffraction pattern is statistically isotropic,

the sampling errors would suggest correlation ellipses

with axial ratios of 1.74 and random orientation.

This estimate of the sampling error has used

some very crude approximationse. For example, the stand-
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ard deviations have been added as if they were derived
from independent samples. The method of analysis is
based on a finite correlation between the field strengths
sampled at two points in the diffraction pattern. The
assumption of independent samples is therefore only a
rough approximation to the real situation, but will serve
as a guide. The finite correlation between samples re-
duces the standard deviation of the axial ratio, and
ratios as high as 1.7 would be observed infrequently.
Conversely, the value chosen for the fractional standard
deviation of the correlation is very common and values
as high as 0.3 to 0.5 are often found, indicating a
larger value then 1.7 for the "mean-axial-ratio-plus-

one-standard-deviation".

Awe (1964b) conducted an experimental investi-
gation on the errors present in similar correlograms and
found that the deviation in the correlation coefficient
(for confidence limits of 95 per cecent) was + 0.2 His
mean value of the correlation was about 0.8 to 0.9 so
that the fractional standard deviation is comparable

with the value used in the rough calculation above.

The exact shape of the autocorrelation function
is not known, but the importance of the shape can be

estimated by considering another function for r(u).
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Let r(u) be the Gauss function:
2
)

r(u) = exp - (u2/2uo (6.3)

The fractional standard deviation of s(r) is then

s(r) _ (-2 log, r)%-gigl (6.4)

r u
(o}

The axial ratio determined from (6.4) with r = 0.37 and
s(r) = 0.1 is 1.54. It can be seen that the shape of
the autocorrelation functions only has a second-order
effect on the axial ratio arising from random sampling

errorse.

Phillips and Spencer (1955), using a transmit-
ter frequency of 2.4 Mc sec_1 to obtain reflections from
the E region, found that the most common axial ratio was
650 From their histogram for the axial ratio we can
calculate the mean value, which is 1.7. Fooks and Jones
(1961) used frequencies between 2.0 and 4.5 Mc Sech Nt
observe reflections from E region. They found a median
axial ratio of 1.5. Lee (1962) investigated diffraction
drifts on a frequency of 300 kc/s, with an estimated re-
flection height of 95 to 100 km. Lee's results agree in
general with the observations made at higher frequencies,

and ke found axial ratios of 1.6._ The observations re-
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ported by Fooks and Jones gave ellipses of constant
correlation which had a slight tendency to be oriented
in the northwest-southeast guadrants. Lee's ellipses,
and those of Phillips and Spencer, do not show a prefer-
red orientation. The E region work described in the
references showed, at the most, only a slight tendency
to non-random correlation ellipse orientation. If the
apparent axial ratio is due to random sampling errors the
ellipse orientation ought to be random, and such a hypo-
thesis is reasonable for the E region, but roct for the

F region.

We shall therefore assume that the diffraction
pattern is statistically isotropic, because the axial
ratios observed by the other workers do not differ signi-
ficantly from 1.0 and the ellipse orientation is almost

randome.

6.2. THE INFLUENCE OF PHASE DRIFT ON THE CROSS-CORRELOGRAMS.

Results from the current investigation have
not been included in the previous section's discussion
on axial ratios because of uncertainties about the cross-
correlation analysis. The cause of the uncertainties is

illustrated by Figure 6.2. Cross-correlograms from
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successive observations show a uniform progression in
the helight of the peak. In a phase sensitive system
such a progression indicate a slow change of phase.
Possible sources of this phase variation will now be

discussed.

The output from the coherent detector of one
receiver, when the mean phase difference between the

signal and the local phase reference is zero, is given

by (3.3)
v(t) = Real [A(t) exp J o(t)] (3.3)

If there is an arbitrary, but constant phase error in

the receiver (relative to the reference signal) of g
v(t) = Real [A(t) exp J (p(t) + @O)] (L.19)

Comparing the output signals from the detectors in

two receiver channels, the cross-correlation coefficient

is (3.6)

rij(O) = <a, (t). Aj(t) exp J [@i(t)—wj(t)]’ exp J (@oi-woj)
(L.20)
i.e. rij(o) = rgj exp j (moi —moj) (4e21)
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where rij is the correlation coefficient when the two
phase errors 03 and on are equal. A phase comparison
oscillator (Section L4.1.1 and Appendix A.9) provides a
signal which enables the receivers to be adjusted so that

(o

ant: it is only their difference which is significant.

ol -ooj) = 0. The values of o, and 0,5 are unimport-
The cross-correlograms in Figure 6.2 indicate that there
is a slow change in the quantity (moi —mOJ), the mean
phase difference. The correlation coefficient changes
sign showing that the phase changes must be about 180°.
The phase calibration was found to be stable within 5o

to 100 over a period of several weeks so that the differ-

ential phase change is not an instrumental effect.

A possible explanation of the variation is in-
dicated in Figure 6.3(a). Very large scale, wave-like
irregularities in the height of constant electron density
contours have been observed. Landmark(1957) found that
a "quiet" E layer can depart from the horizontal by 6°
or more (the method of observation which he used failed
for deviations greater than 60). We may therefore assume
that localised deviations from the horizontal of 100 might
occur, although perhaps not frequently. If a large scale
irregularity of this nature passed over the receiving site
in a time which is long compared with the fading period,

the reflected wave will deviate from the vertical by 100.
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The corresponding variation in the mean phase differ-
ence (@oi —@Oj) is 120°.  This change in the mean
phase difference is sufficient to reverse the sign
of the correlation as the large scale irregularity

drifts past.

An alternative explanation of the phase change
can be derived from the same geometrye. Landmark (1957)
found that on occasion the phase and amplitude variations
at one point on the ground could be explained by two rays,
with angles of incidence 4° ana 6o respectively on either
side of the vertical (Figure 6.3(b)). The resultant
interference fringes on the ground have a separation of
about six wavelengths. The mean phase difference is
then about 120O for fringes oriented at right angles to
either ofthe short sides of the triangular receiving
array or about 170O for fringes oriented at right angles

to the hypotenuse.

In the absence of any detailed knowledge about
the structure of the irregularities it is impossible to
decide which of these hypotheses is correct. The sec-
ond hypothesis seems more reasonable, since it calls for
a smaller inclination of the reflecting surface. It is
quite possible that the two effects should occur simul-

taneously, with the further complication that the phase
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changes introduced might well be independent. Further
support for the fringe hypothesis is found in records
which have occasionally been obtained where one pair of
receivers had a low value of cross-correlation, but the
pair at right angles has a much larger correlation, clear-

ly indicating the presence of interference fringes.

The sign reversal in the cross-~correlation
produced by slow phase changes would not be '"visible"
to a receiving system with incoherent detectorse. How-
ever interference fringes of quite reasonable visibility
(up to 0.3) are even found with incoherent receiving

systems (Awe 1964(a), 196L4(b)).

6.3. INTERFERENCE BETWEEN ORDINARY AND EXTRA-ORDINARY

WAVES.

The ordinary and extra-ordinary magneto-ionic
components of the reflected wave will have increasingly
different ray paths as they pass through higher and
higher regions of the atmosphere. Consequently the
fading imposed on the wave at the respective reflection
levels may be quite different. Fortunately electron
density measuring equipment associated with the diff-
raction drift apparatus has a visual display of the

ordinary and extra-ordinary reflected waves. As
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would be expected, the fading of the two components from
the lower heights is often well correlated, but independ-
ent fading occurs quite frequently, especially in the

higher altitude observations.

The visual display, and the appearance of the
correlograms, makes it apparent that there is negligible
possibility of a systematic error in measurement due to
interference between the two magneto-ionic components.
Either the fading is well-correlated, and has little
effect on the correlograms, or the fading is random and
merely reduces the correlation without altering the time

delay of maximum correlation.

The electron density measuring equipment also
yields the ratio of the two components and there is only
a limited range of heights (60 to 80 km) over which the
components have comparable power (Manson 1965) and the
interference between components might reduce the correl-
ation. However the fading of the two components is

usually well-correlated at these low heights.

6.4. CONCLUSION.

This section concludes with the observation that,

since the behaviour of the cross-correlograms is frequently
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curious and unpredictable, the value of cross-correlation
at zero time delay is too unreliable to be of use in the
Briggs, Phillips and Shinn (1950) method of correlation
analysis. The only consistently reliable parameter is
Tm, the time-delay for maximum cross-correlation (or
minimum cross-correlation if the correlogram has been
inverted by the presence of interference fringes). Con-

sequently only the apparent drift velocity components

1 \

in equations L4.14 and L4.15) can be calculated.

(vX and W

As shown by equation (4.10)
vis v e (2) v, (L4.10)

The apparent velocity (v') therefore exceeds the true

velocity (V) by an amount depending on the ratio (VC/V).
This ratio is commonly (Fooks and Jones 1961) about 1.0
and the apparent velocity then exceeds the true velocity

by about 100 per cent.

About 30 per cent of the correlograms were of
sufficient quality to permit the calculation of all the
velocity parameters. The correlograms must first be
corrected for non-zer mean, as outlined in Section 3.3,

gro ram .
but as the necessary computer/has not yet been written,

parameters other then the apparent velocity are not avail-

able for the results discussed in this thesis.
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L. ATMOSPHERIC WINDS BETWEEN 65 AND 100 KM.

The high sensitivity system has made possible
the measurement of atmospheric winds down to 64 km.
Observations at the lower altitudes (below 75 km) are
possible only during the middle part of the day in winter.
As most of the results were obtained during the winter,
there is a relatively high proportion of low altitude

observations.

Figure 7.1 shows the height profile of wind
components obtained on 24 June 1964 between 1300 and
1400 hours local time. This day was selected because
more observations were obtained over a wider virtual
height range (64 to 120 km) than on other days. The
east-west (zonal component, u) of the drift is from
the west below 95 km. Above this height the drift is
from the east. The north-south (meridional component,
v) is from the north at all heights, except for two

points which deviate considerably from the mean curve.

We must now consider the relationship between
the translational motion of the ground diffraction
pattern ("drift'") and the translational motion of the
neutral air ("wind"). An elementary correction which

must be applied is the geometric factor introduced into
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the diffraction process by the use of spherical waves
radiated from the transmitter on the ground. The
ground diffraction pattern drifts at twice the speed of
the ionospheric irregularities. This correction is
allowed for in all the results: the drift velocities are

quoted as the equivalent drift of the reflecting layer.

Other factors which confuse the relationship
between the diffraction pattern drift velocity and the
wind velocity include geomagnetic field effects (dis-
cussed in Section 7.2) and the nature of the diffraction

concludes
process (discussed in Section 7.3). This Section/With

a discussion of possible errors due to solar atmospheric

tides and to radio wave group path delay.

{.1. A NOTE ON TERMINOLOGY.

Before discussing the results, and their in-
terpretation in terms of atmospheric dynamics, it is
necessary to consider the sign conventions and Jjargon
associated with the topice. The work described in this
thesis represents one of the few areas of common inter-
est to both ionospheric physicists and meteorologists.
Unfortunately the two groups of workers have adopted
differing definitions of wind directione The meteor-

ologist describes a wind by the direction from which it
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is blowing. To‘*a physicist the wind is represented by
a velocity vector and is therefore described by the direct-

ion towards which the wind is blowing.

There is fortunately no disagreement about the
sign of the vectors and their componentse. Figure 7.2
shows the right-handed Cartesian co-ordinate systems
used in meteorology. The positive directions are east-
ward, northward and upward; displacements are respectively
X, ¥y and z. The corresponding velocity components are
u, v and w. In Section 4, v and vy were used as the
horizontal components of the drift velocity, but were
not at that time associated with any geographical dir-
ection. In the new terminology Ve becomes u, and vy
becomes v, which makes the symbol v ambiguous - it can
represent either the north-south wind component or the
magnitude of the velocity. In this and succeeding
sections v will be taken to represent the north-south
component of wind velocity and if the magnitude of the

vector is discussed it will be written|y|.

Figures 7.3(a) and (b) show the relationship
between the terminology and the vector components. The
meteorological terms will be used because they are in
everyday use. In Figure 7.1 therefore the wind is west-

erly (from the west, towards the east, u positive) below
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95 km, easterly (from the east, towards the west, u

negative)above 95 km.

/.2. THE INFLUENCE OF THE GEOMAGNETIC FIELD ON THE

MOVEMENT OF IONISATION.

As a first approximation, consider isolated
electrons in a region containing a magnetic field.
Any translational motion imparted to the electrons by
an applied force results in an average motion along the
magnetic field. The resultant motion of the electron
gives no indication of the magnitude or direction of

the applied force.

As an alternative first approximation, con-
sider the electrons in a weakly-ionised, dense gas in
a magnetic field. The random collision process prevents
the electrons from rotating around the magnetic field
lines and the electrons follow the average motion of the

neutral gas.

In the atmosphere, which at all times has the
geomagnetic field passing through it, the neutral gas
density decreases with height and the electron density
increases with height. At the outer limits of the

atmosphere, the former approximation is wvalid. At
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ground level the alternative approximation is valid.
There is therefore some region of the atmosphere below
which the influence of the geomagnetic field is negligible.
Above this region, the geomagnetic field cannot be neg-

lected.

There are various estimates of the height
below which the geomagnetic field can be neglected.
Clemmow, Johnson and Weekes (1955) deduced that a cylin-
drical cloud of charge, parallel to the geomagnetic
field, would follow the motion of the neutral gas if
the ratio of the collision frequency to the angular
electron gyro-frequency exceeded 10_3. The angular
electron gyro-frequency is 'IO+7 sec_1. Experimental
data on the variation of collision frequency with
height in the relevant part of the atmosphere (Bjelland,
Holt, Landmark and Lied 1959; Kane 1961) gives a colli-
sion frequency of 10*ﬂ sec” 1 at 105 to 115 kme The
cylindrical cloud would therefore move with the wind at
altitudes of 105 km or less. It is, however, an un-
realistic geometry as the nature of the diffraction drift
experiment implies ionospheric irregularities spread
over a large area in a horizontal plane. The problem
was reconsidered by Villars and Feshbach (1963) who

extended the analysis to a weakly ionised turbulent gas.

They concluded that below 100 km the geomagnetic field
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has no effect on fluctuations in the ionisation density
produced by turbulence. In the 110 to 120 km region
the ionisation fluctuations are slightly modified by the

geomagnetic field.

It is therefore reasonable to assume that the
diffraction pattern drifts described in this thesis re-
sulted from radio waves reflected, in the atmosphere
below 110 km, by electrons whose motion is dependent on
the neutral gas motion, and is unaffected by the geomag-
netic field. The calculated velocities therefore refer
to the neutral gas, but do not necessarily indicate the
direction of the wind. This restriction on the inter-

pretation of the results is discussed in the next section.

Fa THE DIFFRACTION OF WAVES BY IRREGULARITIES IN

A FLUID.

In the previous section we have seen that the
radio waves are reflected from electrons which move
with the neutral gas. We cannot observe directly the
motion of the neutral gas, but we can interpret the
results (Section L4) as horizontal motion of the reflect-
ing surface. If atmospheric waves are perturbing the

medium, the observed velocity is that of the wave profile,

not that of the medium itself. The atmospheric motion
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is complicated and the point is best illustrated by an
example drawn from a different field of geophysics -

physical oceanography.

7.3.1. A RELATIVELY SIMPLE EXAMPLE.

The motion of waves on the sea's surface has
a considerable effect on the propagation of acoustic
waves underwater. This field of study is of consider-
able importance to various governments who have encour-
aged much research on the topice. Many of the results
from this research can be applied to the diffraction
of radio waves by reflecting surfaces in the ionosphere.
The detailed diffraction theory is outside the scope of
this thesis and the discussion will be confined to only
those principles necessary to describe the problem of

immediate interest.

Consider a transducer placed on the sea bed,
directing acoustic waves vertically upwards, if the sea
surface 1s perfectly smooth the waves appear to come
from the image of the source. If there is a shallow
swell (less than one-sixth of the acoustic wavelength)
on the surface the diffraction pattern formed on the sea
bed moves with the swell, and the diffraction pattern

velocity and structure size correspond to the velocity and
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structure size of the surface waves. Even this simple
example shows that the acoustic diffraction pattern does
not reveal the movement of the ocean currents, but that

of waves at the fluid interface.

If the depth of the swell is greater than about
one-sixth of a wavelength, the velocity of the diffraction
pattern corresponds to that of the surface waves but the
structure size does not. We can still make no deductions
about the movement of ocean currents. If the swell has
a reasonably simple waveform we can never deduce the
velocity of the underlying sea currents. If, however,
the sea ig so choppy that we can consider its movement
to be (only) the resultant of a very large number of
simple waves arriving from all directions with random
phases, there is no drift motion apparent in the diffrac-
tion pattern on the sea bed and we could measure the
characteristic velocity (vc) as defined in Section 4.1.
However, sea currents will bodily move this random pro-
file and the mean motion will then be apparent in the

diffraction pattern on the sea bed.

We see, therefore, that the diffraction pattern
shows the movement of waves on the sea's surface but
if the surface is perturbed by a set of random waves the

mean velocity of the surface (due to ocean currents)
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can be measured by using the average motion observed
over a time which is long compared with the period

of the lowest frequency component in the wave spectrum.

{e3.2. REFLECTION FROM ATMOSPHERIC IRREGULARITIES.

The major difference between the problem of
acoustic propagation, outlined in the previous section,
and the atmospheric situation is the change in the
density of the medium at the interface. In the atmosphere
the fluid density changes slowly, although the radio
waves are partially reflected by small changes in elec-
tron density which occur within a wavelengthe. There
is no first-order change in the fluid motion across the
reflecting layer, although there is obviously some
mechanism responsible for the change in electron density,
The slow density change is a source of complication
because the wave motion is not simply a surface phenom-

enon but extends throughout the medium.

The properties of internal atmospheric gravity
waves have been discussed (see, for example, Gossard
and Munk 1954; Gossard 1962; Eckart 1960; Hines 1960,
1963(a)). Hines, whose discussions are characterised
by a vigorous enthusiasm for gravity waves, has consid-

ered (1963(a), 1963(b), 1964) the influence of gravity
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waves on the motion of ionospheric irregularities. Much
of his discussion concerns the interaction of ionisation
with the geomagnetic field. The interaction can be ig-
nored when considering motion below 100 km (Section 7.2).
The remaining features discussed by Hines are best illus-
trated by the impression of a gravity wave created by
Figure 7.4, which is a copy of Figure 2 of Hines' (1960)
paper. Only a small portion of the wave in the horizon-
tal direction is shown because the horizontal scale of
the motion is considerably greater than the vertical
scale. The increasing amplitude of the gravity waves
with height is a characteristic of motion in the atmos-
phere, assuming a constant energy density and a decreasing
mass density. Hines estimates that the dominant mode
of oscillation at an altitude of 90 km has a vertical
wavelength of about 10 km and horizontal wavelength of
about 500 km. The corresponding period of oscillation
is about 10 minutes. Irregularities of electron density,
arising from turbulence or density fluctuations in the
gas will be moved by the wave perturbation velocity and
the horizontal velocity perturbations of the gas can be

measured by the spaced receiver equipment.

On the other hand, the wave perturbation pres-
sure will produce its own electron density irregular-

ities. The latter will occur in horizontal layers
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separated by the vertical wavelength (@bout 10 km). As
the sloping pressure perturbation passes through an al-
ready existing horizontal ionospheric layer the electron
density fluctuations will pass along the layer. Hence
the velocity measured by a diffraction drift experiment
is neither the wave velocity nor the velocity of any
physical body. In the hypothetical sea-wave investi-
gation described in Section 7.3.1 we were at least able
to measure the velocity of wave motion, but the atmos-
pheric waves are not confined to a surface and the in-
terpretation of their motion is correspondingly more

difficult.

Megningful results can be obtained by again
invoking a random spatial and temporal distribution of
simple waves. If the observation time is long enough,
or the number of observations sufficiently large, the
mean motion will be that of the medium in which the

waves are propagated.

It is reasonable to suppose that, in the atmos-
phere, both velocity and pressure perturbations will
occur and the velocity measured in a diffraction drift
experiment will be a composite effect. However, if
the gravity waves are random it is still possible to

measure the mean horizontal component of the wind.
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The sources of interval atmospheric gravity waves are
unknown, but Gossard (1962) has shown that sufficient
energy could propagate upwards from tropospheric dis-
turbances to maintain the gravity waves at ionospheric
heights as postulated by Hines. Tropospheric distur-
bances appear to be sufficiently irregular in space
and time to generate ramdom gravity waves. The waves
could also be generated in the upper atmosphere, possible
sources of energy being instability due to greater-than-
adiabatic temperature gradients between 50 and 80 km
(the mesodecline), or instability induced by tidal motion

(Hines 1963).

Z.4. THE DEDUCTION OF ATMOSPHERIC WINDS FROM THE

EXPERIMENTAL RESULTS.

It is apparent that although atmospheric
gravity waves introduce spurious components into
the diffraction pattern drift velocity, there may be
some significance in the mean value of a large number
of drift observations. The reliability of the mean
drift as an estimate of mean atmospheric wind depends
on the assumption of randomly superposed gravity waves.
There is no prospect of disentangling the gravity waves
from the other innumerable physical effects also pre-

sent in the atmospheric motion. The reliability of
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the mean drift can only be determined by comparing
the diffraction pattern drift results with observ-
ations of atmospheric winds determined by other methods,

such as meteorological rockets, or meteor trail motion.

The mean drift velocity profiles at noon were
calculated for each month. The mean zonal and meridional
components are shown, in Figures 7.5 to 7.12, for the
period December 1963 to September 1964, except for
February and March when the number of observations was
negligible. No error bars indicating standard devia-
tions are shown because the data available for a given
height varied in reliability and number. The reliabil-
ity of the mean curve is best indicated by the regularity
with which the velocity components change with height.
The drift profiles show a systematic change with height.
It is reasonable to assume, following the discussion in
Section 7.3%3.2, that Figures 7.5 to 7.12 show the mean
monthly height variation of the atmospheric wind at noon

over Birdling's Flat.

The height profile (Figure 7.13) of the zonal
wind component (u) shows a systematic variation during
the winter months, the height of reversal increasing
from 80 km in April to Jjust over 100 km in July. The

height of reversal then decreases to 90 km in August,
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but drops no further in September. The corresponding
Figure 7.14 for the meridional component (v) shows no
systematic variation, although the wind is northerly
during the winter (v negative) and southerly during the

Summer.

7.5. INFLUENCE OF SOLAR TIDES.

Although gravity waves may introduce consid-
erable errors in a single observation, the assumed ran-
dom superpostion of many waves allows the mean drift to
be interpreted as the mean wind. Regular perturbations
of the mean atmospheric.flow cannot be eliminated in this
manner. Since all the observations described in this
thesis were made within an hour or two of noon, an aver-
aging process will not eliminate the regular tidal com-

ponents.

In a search for some way of allowing for the
solar tides, it was necessary to consult the only ade-
quate sources of information on atmospheric winds in the
65 to 100 km region - the meteor wind results from
Jodrell Bank (latitude 53°N) in England (Greenhow and
Neufeld 1961) and Adelaide (3508) in South Australia
(Elford 1959). Elford's data for the prevailing (mean

over 24 hours), diurnal and semi-diurnal wind components
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was selected. There are differences between the two
sets of data, which may be due to the latitude differences
or to a difference between the hemispheres. Christchurch
is, in terms of distance from the equator, half-way be-
tween Adelaide and Jodrell Bank. If the circulation
differences are due to the latitude change, either the
Adelaide or Jodrell Bank results would be satisfactory.
Since there are major differences between the northern
and southern circulation patterns in the troposphere and
stratosphere it is more reasonable to use the Adelaide
data in case the mesospheric behaviour is also asymmet-

rical.

Elford (1959) quoted the amplitude and phases
of the tidal components in the meteor wind measurements
for 1953, with some data from 1952 and 195L4. The wind
due to the three components was re-constructed from his
data for each hour from 10CO to 1500 in an attempt to
find a suitable correction for the drift results. There
did not then appear to be any suitable technique for
making the correction, until it was realised that the
unsystematic behaviour of the wind was of considerable
significance - the "regular" solar tidal components showed
a most irregular variation over a period of several weeks.
With randomly phased waves still in mind, the phase of

Elford's semi-diurnal component was plotted for each
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month. The resultant graph (Figure 7.15) clearly showed
that the semi-diurnal component was, on a monthly time
scale, randomly phased. The amplitude also showed con-

siderable variatione.

This heartening conclusion led to an investi-
gation of the diurnal component (Figure 7.16). The
scatter in phase is not so pronounced. It would appear
that the fluctuating quantity in the tidal motion is
dependent on a time difference, not on a phase difference.
The hypothesis of randomly phased tidal waves was put to
the test, with the results shown in Figure 7.17, where
the suffix "o" indicates the prevailing component in Elford's
data and the other variable is the mean sum of the pre-
vailing, diurnal and semi-diurnal components at noon.

Only when the mean velocity components are small is the
difference between the mean and prevailing values signif-

icant.

Thus we can safely assume that the monthly mean
values shown in Figures 7.5 to 7.12 are a good approxi-
mation to the prevailing wind for each month. It is
possible to use these mean wind components to investigate
the high altitude atmospheric circulation over Birdling's

Flat. This investigation is presented in Section 8.
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Z7.6. GROUP PATH DELAYS IN HEIGHT MEASUREMENT.

Although the waves are partially reflected
below 100 km the increasing electron concentration
around 100 km causes the group path length (measured
by the delayed gate pulse), or virtual height, to exceed

the real path length.

Reference to the Ionospheric Data of the
Christchurch Geophysical Observatory showed that the
noon E region critical frequency was about 3.0 Mc sec_1
in the winter and 3.5 Mc sec—1 in the summer. The oper-
ating frequency was 2.4 Mc sec-1 and, allowing for vari-
ations in the observing time up to two hours either side
of noon, it was found that many of the observations were
recorded when the wave frequency was very close to the

critical frequency. This was apparent at the time of

recording in the increased height of the E reflectione.

To provide an estimate of the height correction
necessary, an exponential approximation to the average
winter electron density profile (Manson 1965) was assumed,
with 100 electrons cm—3 at 73 km and 1000 electrons cm—3
at 85 km. These figures correspond to a scale height of

5.3 km; the critical electron density occurs at 107 km.

Since the extra-ordinary wave reflected from the E region
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is at least 30 dB below the amplitude of the ordinary
wave the former may be neglected. Consequently the
geomagnetic field may be neglected in an approximate
calculation. The electron collision frequency will
also be neglected as a finite collision frequency reduces
the group refractive index and will reduce the magnitude

of the height correction.

With these assumptions - an exponential electron
density profile, no geomagnetic field, and no collisions,
the virtual height of reflection can be calculated and
the real height of reflection subtracted. The height

correction is then

2'-z, = 2H log | (1 + V(N /WD) / (1 VT?W;FC))} (7.1)

where z' = virtual height
z, = real height of reflection
H = scale height
Né = electron density at reflection height
N_ = electron density at ground level (z = o)
Nc = critical electron density.

The height correction ds 0.83 km for the
assumed model, when the real height of reflection is
100 km, This is negligible, compared with the trans-

mitter pulse width (4 km).
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The assumed average winter profile has more
ionisation below 88 to 90 km, and less at a higher level,
than the average summer profile. The E region electron
density 1s about 30 per cent greater in the summer and
the reflection height 3 to 4 km lower. Consequently
the height correction is larger, but as a negligible
number of satisfectory records was obtained above 92 km
during the summer, we shall again neglect the height
correction. The occasional violent fluctuations in the
electron density profile below 90 km in the winter may
cause increases in the group path correction. The 1000
electron cm_3 contour has a mean height of 85 km during
the winter (May, June and July); on 21 June 1964 it was
at 89 km but on the following day it was at 82 km.
These two values are the extremes observed during the
period (Manson 1965). The sudden increases have such
a short time scale compared with the monthly mean values
used that they may be ignored, especially as the maximum
height of useful diffraction drift observations on 22

June was only 96 kme

We assume therefore, that there is negligible
group path delay on observations made below 100 km,
but that most of the measurements at virtual heights of
100 to 124 km apply to a lower region of the atmosphere-

probably 100 to 110 km.
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8. THE DYNAMICS OF THE ATMOSPHERE BETWEEN 65 AND 100 KM.

In this section we consider equations of
atmospheric motion relevant to the present study, using
various approximations which the meteorologists have
found adequate in descriptions of motion above the tropo-
sphere. The diffraction drift results are then related
to the predicted motion, and to meteorological rocket
observations. The discussion is limited mainly to
measurements of motion below 100 km because of the un-
certainties introduced above 100 km by group path delay

(Section 7.6) and the geomagnetic field (Section 7.2).

8.1 BASIC EQUATIONS OF ATMOSPHERIC MOTION.

The acceleration of a mass relative to the

geographic axes illustrated in Figure 7.2 is

i (Fx/m) + 2 (vh sin o - w h cos @l) (8.1)
2, = _ ;

: (Fy/m) 2 uh sin @ (8.2)
oW _ -
e (Fz/m) +2uhcos @ -g (8.3)

where (u, v, w) = the velocity of the mass relative to
the earth

m = mass
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h = angular velocity of the earth
?q = latitude
F = the force acting on the mass

The principal source of energy in the atmosphere
is solar radiation. The atmosphere therefore becomes
heated and pressure gradients develop. If the force
(E in equations8.1 to 8.3) acting is solely due to the

pressure gradient the equatioms of motion become

8u_ ; _ 12

- 2(v h sin ¢ - w h cos @l) 5 ox (8.4)
ov _ : 1l
3% = —2 wh sin ¢ 5 By (8.5)
9% - 2y h cos -g Aoop (8.6)
at *1 o 0z .

If we also assume that the vertical velocity is negligible
(w = o) and that all motion is steady (dy/dt = o) equa-~

tions (8.4 to 8.6) reduce to

2 v hsing = & %& (8.7)
2uh sing = - & %§ (8.8)
2uhcosgq =g+ & gs (8.9)

The equations (8.7 to 8.9), for the steady,
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horizontal motion of air subject only to pressure and
Coriolis forces are known as the geostrophic wind equa-
tions. The wind (u, v, 0) so calculated is called the

geostrophic wind. The type of motion can be illustrated

by assuming that the pressure increases to the east (8p/6x
positive), with no variation in any other direction.

Then equation (8.7) predicts a northerly wind in the
southern hemisphere (see Figure 8.1(a)). The wind is
therefore parallel to the isobars. ﬁquation (8.8)
predicts a westerly wind for a south to north pressure
gradient. (see Figure 8.1(b)). In general, the geo-
strophic wind in the southern hemisphere flows parallel

to the isobars, with the high pressure region to the left.
The pressure gradient force on the air is balanced by

the Coriolis force (see equations 8.7 and 8.8). The
approximation is therefore invalid in regions where the
Coriolis force is small, that is, in tropical latitudes.
Elsewhere the geostrophic approximation is sufficiently
accurate for most purposes (Hess 1959). The approxima-
tion cannot be used at very low levels in the atmosphere
where there are viscous forces due to the fixed bound-

ary of the earth's surface.

We may ignore the small Coriolis term in eq-
uation (8.9) since u<100 m sec-1, h = 7.292 x 10-5 sec”
-2 -2
and thus 2u h cos ¢ = 2 x 10 m sec , which is negligible

compared with the gravitational acceleration. This
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reduces (8.9) to the usual hydrostatic equation.

It is convenient to discuss atmospheric flow
in terms of temperature gradients. We therefore sub-
stitute the "ideal gas" equation into the geostrophic-
wind equation (8.7 to 8.9). Firstly we use the gas
equation to eliminate the density equation (8.9), ignor-
ing the Coriolis term. After some re-arranging and

cross—-differentation we obtain.

ou _ _ ; oT aT

== = (%/Zh T sin @l) 5y + (u/T) = (8.10)
ov _ - aT oT

and == = (g/2h T sin @1) =+ (v/T) = (8.11)

These equations are the basic equations for the
present study, since the information provided by the diff-
raction drift experiment is just the height variation of
the mean wind. The geostrophic wind approximation has
eliminated all variables except the wind veloeity compo-
nents and the temperature. Integrating equations (8.10)

and 8.11) between the limits z, and z

1 09 and writing the

Coriolis parameter

2 h sin ¢ = f

= {0 sep ! (at Birdling's Flat) (8.12)

we have



8L
T(z,) .

u(z,) = u(z,) TTEfy - (g/t) Jz2 L (g%) dz (8.13)
and 1

[Z2

)

1

(%%) dz (8.1L4)

=] B

v(z,) = v(z,) T(Zz)'+ (g/t)
> “7T(z) " 8

The geostrophic wind shows an increase in ampli-
tude with temperature. There is an additional term, due
to the horizontal temperature gradient, which is called

the thermal wind.

The factor (g/f) in equation (8.13) and (8.1L4)
is —105 m sec_1 so that even a small horizontal temper-
ature gradient is able to produce a significant thermal
wind component. For example, a thermal wind of 10 m
sec-1 is generated over a height interval of 1 km in an
isothermal atmosphere at a temperature of 250o K, by a

horizontal temperature gradient of O.C25o K km _1.

8.2. TEMPERATURES BETWEEN 65 AND 100 KM.

The importance of the temperature as a function
of height and horizontal distance is immediately apparent
from equations (8.13) and (8.14). The temperature and
its spatial variation cannot be measured by ground based
methods. The only technique for obtaining the inform-
ation at the heights of interest is by the use of meteor-

ological rockets which can carry temperature sensors and
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other instruments. No such information is available in

New Zealand.

However a reasonable estimate of the tempera-
tureprofile can be made if we neglect any possible asym-
metry between the northern and southern hemispheres. We
may then include data from the only southern hemisphere
station at Woomera, South Australia (310 S) with the more
numerous northern hemisphere resultse. In the upper
stratosphere (around 50 km altitude) the summer hemisphere
is warmer than the winter hemisphere. On the other hand
the winter mesosphere is warmer than the summer mesosphere.
Consequently there is a height range (60 to 65 km) in
which the summer and winter temperature are much the same.
This was pointed out by Kochanski (1963) and Nordberg
(1964). This behaviour is also described in the summaries
by Batten (1961) and Teweles (196L4), and in the individual
temperature profiles shown by Faust and Attmannspacher
(1961), Groves (1963), aufm Kampe and Lowenthal (1963),
Nordberg and Smith (1963), Maeda (1963). In all these
sources, describing measurements over a wide latitude
range, the mean temperature gt 65 km was 230O K, within
about 5 per cent, during both summer and winter. The
mean temperature gradient between 50 and 80 km at mid-
latitudes is about 30 K km—1 in the summer and less in
the winter. Nordberg (196L4) concluded that "the temper-

ature profile between the ground and 90 km becomes more
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and more isothermal as one progresses from the tropics
towards the winter pole". Nordberg found (1963) that
the winter stratosphere and mesosphere above Wallops

Island (latitude 380N) is almost isothermal with an

average temperature of about 220O Ke

On the basis of the above data we can use the
crude temperature profile shown in Figure 8.2. The above
references were used as a source of information, with
some help from the U.S. Standard atmosphere (COESA 1962).
A notable feature of Nordberg's (1964) summer profile is
the lack of a mesopause, although his data is only avail-
able up to 90 km. The assumed winter profile in Figure
8.2 has a mesopause but Nordberg's comments (referred to
above) suggest that an isothermal atmosphere (at 230° K)

would be adequate.

8s3e THE MERIDIONAL TEMPERATURE GRADIENT.

The meridional temperature gradient, at heights
of 65 to 100 km above Birdling's Flat, was calculated by
using a crude finite -~ difference approximation to equa-
tion (8.10), assuming that (8T/dy) is constant. No great
accuracy 1is necessary because of uncertainties in both
the experimental data and the assumed temperature profile.
However the calculated gradients contained an excessive

amount of fluctuation because of the large errors in the
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differences taken from the raw data. The raw data used
is shown in Figures 8.3 and 8.4, the average winter pro-
file being obtained from the data for May, June, July and
August, 196L. The fluctuations were reduced by smoothing
with weights of %, %, i. The smoothed curves are shown
in Figure 8.5. The consequent horizontal temperature
gradient, as a function of height, is shown in Figure 8.6.
The temperature gradient (0T/dy) in units of (OK/1OO lati-
tude) is plotted against heighte Between 70 and 100 km
the air is cold towards the equator, but below 70 km the
air is warm towards the equator. The temperature gradient

above 100 km is uncertain.

An alternative method of analysis was also in-
vestigated. A least-squares straight line was fitted to
the zonal wind profile for each month. The gradients of
these straight lines, as a function of time of year, are
shown in Figure 8.7. The average gradient for the four
winter months was then calculated. The average gradient,
and an assumed isothermal atmosphere at 230O K, gave the
meridional temperature gradient shown in Figure 8.6 as a
vertical dashed line. Such large scale averaging does
not do Jjustice to the data, and cannot be considered of

much significance.

The winter meridional temperature gradient at
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95 km agrees with the values calculated by Kochanski
(1963) from Elford's meteor wind data at Adelaide. The
value found here is slightly larger (—5O K/1OO latitude
compared with -3.5° K/10° latitude) but this may indicate
a genuine difference due to the differing latitudes for
the two stations- or merely reflect the systematic error
in the wind calculations due to neglect of the random

component (see Section 6.4).

The zonal temperature gradients have not been
calculated from the height variation of the meridional
wind component. None of the references used indicated
any interest in the topic. This is, perhaps, because
the diurnal component is so large that no significance
can be attached to the results. It can be seen, from
Figures 8.3 and 8.4 and equation (8.11), that the zonal
temperature gradient is positive in the summer and neg-

ative in the wintere.

The most reasonable way of quantitatively in-
vestigating the variation of the wind component with
height and time of year is to make a two-dimensional
plot of the raw data and then apply smoothing factors
in the height and time dimensionse. This approach has
been foiled by the non-availability of a technique for

two-dimensional smoothing which will allow for large

gaps of missing data. The simple monthly, equal-
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weight, averaging used seems to be adequate but destroys

much of the time resolution available.

8.4. THE CIRCULATION BETWEEN 65 AND 100 KM.

The general atmospheric circulation revealed

by the diffraction drift experiment is in general agree-

ment with current reviews of the subject (Batten 1961,

Kochanski

1963). The principal features of the middle-

latitude zonal wind system are:

(1)

(ii)

(iii)

(iv)

(v)

the dominant westerly circulation throughout
the atmosphere in winter, with strong wester-
lies between 60 and 70 km;

the decreasing velocity above this height,
culminating in a reversal to easterly winds;
the seasonal variation of this height of
reversal;

the pronounced variation in the circulation

in spring and autumn; and

the change in the summer to an easterly circu-

lation at some heights.

Each of these points will now be discussed, briefly, in

a quantitative comparison with the diffraction drift

resultse.
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8oy THE 60 TO 70 KM WINTER WESTERLIES.

Batten (1961) deduced a westerly wind component
of 60 to 70 m sec_1 at 60 to 70 km in the winter.
Kochanski (1963), using Batten's work and some later exper-
imental work, principally the Jodrell Bank meteor wind
results (Greenhow and Neufeld 1961), shows values of 80
to 85 m sec '. The diffraction drift results for the
four winter months (Figures 7.8 to 7.11) show westerly
velocity components of 4O to 60 m sec_1. The average
velocity reaches a maximum of 48 m sec_JI at 72 km, which
is slightly higher (by 5 to 10 km) than the heights of

maximum shown by Batten and Kochanski. The difference

is negligible.

Belfe2e THE MID-WINTER HEIGHT OF REVERSAL IN THE ZONAL

WIND.

The diffraction drift results clearly show the
upward trend of the westerly circulation early in the
winter, and the subsequent downward trend. Batten
places the mid-winter height of reversal at 95 to 100 km;
Kochanski places it at 100 km. The diffraction drift
results show a reversal at 100 to 105 km, but allowing

for group path delay (Section 7.6) a height of 100 km is

a good estimate.
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.4.3. THE VARIATION IN THE HEIGHT OF REVERSAL.

The downward trend (see Figure 7.13) in the
spring is a well-known phenomenon associated with large
variations in the polar circulation system (Batten, 1961;
Miers, 1963; Finger, Teweles and Mason, 1963). There
does not yet appear to be any satisfactory explanation of
the downward progression of the circulation system. As
discussed in Section 9, such a downward progression may
indicate an upward progression of energy. Conversely,
the upward trend in the autumn may indicate a downward
movement of energy. This behaviour was not found in the
work reviewed by Batten (1961) and Kochanski (1963), or
in the observations reported by Miers (1963). Mier's
results show considerable variability in the behaviour
of the circulation system from one season to the next.
The downward progression is not at all smooth. Conse-
quently it would be unwise to assume that the trend of
the height of reversal indicated in Figure 7.13 is correct.
The true variation might well be a downwgrd progression
beginning above 100 km in the summer with the April and
May increases in height being major upward perturbations.
The lack of data for February and March makes it impossible

to specify the autumn change in circulation.
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8.4.4. EQUINOCTIAL VARIATIONS IN THE CIRCULATION.

The equinoctial behaviour of the height of re-
versal described in the previcus section, is accompanied
by increases in the east-west and north-south velocity
components. Figuge 8.8 shows the anual trend of the
mean zonal wind, for virtual height ranges of 64 to 76 km,
80 to 88 km, 92 to 100 km and 104 to 124 km. Figure 8.9
is the corresponding plot for the mean meridional wind.
It is apparent from these two figures that the behaviour
of the wind is similar for all heights above the reversal
height. Figure 8.10 shows the annual trend of the com-
ponents averaged for all heights above, and all heights

below, the reversal height.

Near the equinoxes both the zonal and meridional
winds below the reversal height increase. There 1is also
a change in the components above the reversal height but
these components are more variable and the increases are
not quite so obvious. It is possible that the increase
in velocity is only apparent and may be caused by an in-
crease in the random velocity component, due to turbulence
or increased gravity wave activity. It is obviously de-
sirable that the characteristic velocity be calculated for
as many records as possible. This has not been done

quantitatively, but a prominent feature of the late April,
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early May and the September résults is a large fading
period and high cross-correlation. These characteristics
suggest a very low random component in the fading so that
the increases in apparent velocity would correspond to

even larger increases in the true drift velocity.

The February-March gap has not been crossed in
Figure 8.10 as there is no clear indication of the trend
on either side of the gap. The summer winds are easterly
and southerly at all heights observed (72 to 92 km). A
prominent feature of Figure 8.10 is the abrupt, but temp-
orary, change in the meridional wind above the reversal
height. This change is una ccompanied by any change in
the winds below the reversal height, but there is a slight
change in the zonal component above the reversal height,
and the start of a pronounced decrease in the reversal
height (Figure 7.13). This feature suggests an instability
in the circulation. Such a pronounced change in circulation
ought to be accompanied by corresponding effects in the
lower stratosphere, and in electron density and ionospheric
absorption. However a detailed comparison must await
the acquisition of the relevant data, and the discovery
of an adequate method for the treatment of the unevenly

spaced diffraction drift data.

8.4e5. THE SUMMER CIRCULATION.

The only summer observations available are be-
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tween 72 and 92 km. The zonal wind is easterly and the
meridional wind is southerly. The meridional wind is in
accordance with the meteor wind results quoted by Kochanski
(1963). Batten (1961) and Kochanski (1963) both show
zonal winds from the east, in the summer, below 75 km.
The diffraction drift results show that easterly winds

exist up to at least 92 km.

Meteorological rocketsonde investigations also
suggest that the easterlies extend to much higher altitudes
than Batten and Kochanski indicate. aufm Kampe, Smith
and Brown (1962), Smith (1962) and Finger, Teweles and
Mason (1963) show summer easterlies of 50 to 60 m e
up to 70 km, the limit of their observations. In neither
set of data does the wind show any indication of the steep
gradient necessary to cause a reversal at 75 km. In both
cases the wind near 70 km shows little variation with
height, indicating that the easterly circulation extends
well above 80 km. These meteorological rocketsonde obser-
vations were made near latitude 380 N and are therefore
comparable with the diffraction drift results. The con-
clusions of Batten (1961) and Kochanski (1963) must there-
fore be modified to allow for the higher extent of the
summer easterly circulation in the mesophere at middle

latitudes.
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9. A DISCUSSION OF MOTION IN THE MESOSPHERE.

The height range of 65 to 100 km which has been
studied by the diffraction drift method includes the meso-
sphere (from the temperature maximum around 50 km to the
temperature minimum, or mesopause, just above 80 km) and
the lower thermosphere (the region of increasing temper-
atures above the mesopause). The experimental results
discussed in Sections 7 and & can be interpreted to some
extent by existing theories of motion in the upper atmos-~

phere.

The height of reversal of the mean monthly zonal
wind component increases (Figure 7.13) during the early
part of the winter and decreases after Julye. Kantor
and Cole (1964) have calculated the day and night geostrophic
zonal wind components for January, and latitudes between
300 and MBO N. Their curves are very similar to those
shown in Figures 7.7 to 7.12, except that the profile
shows a reversal at 88 km in the daytime, and at 82 km in
the night-time. Their calculations were based on temper-
ature changes due to solar heating and nocturnal cooling.
It is reasonable to interpret the winter variation in the
height of reversal as indicative of a similar variation
in the mesospheric temperature contourse. This interpret-

ation assumes that there are no major changes in the
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mesospheric and thermospheric circulation in the winter.
The winds measured by the diffraction drift method show
no major variations over the winter. There is no in-
formation available on temperature variations above
Birdling's Flat, but it can be assumed tnat the general
behaviour will be much the same as that a comparable lat-

itudes in the northern hemisphere.

The basic feature of the region is the meso-
pause itself. The summer mesosphere is much cooler than
the winter mesosphere so that the temperature gradients
are large and the mesopause is well-defined. In winter
there is little, if any, variation in the mean temperature
between 65 and 100 km. The references quoted in Section
8.2 showed minimum temperatures at various heights between
65 and 90 km, while the temperature profile assumed by
Kantor and Cole was isothermal from 80 to 85 km at night
and 80 to 95 km during the day. Using this limited data
it is possible to link the height of reversal (in Figure
7.13) with the bottom of the thermosphere. The geo-
strophic wind equations (8.10) and (8.13) show that the
relationship between the height of reversal and the bottom
of the thermosphere includes the meridional temperature
gradient. Kantor and Cole used the geostrophic equations
and their results show the bottom of the thermosphere to
be about 6 km above the height of reversal, but the differ-

ence depends on the variation of temperature with height
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and latitude.

Manson (1965) shows that there is a minimum
electron density in summer at 82 km, but in the winter
there is no minimum of electron density at the commonly
accepted mesopause height of 80 to 85 km. The relation-
ship between the electron density and the meteorological
parameters is obscure, but the electron density profiles
do indicate the existence of a discontinuity in the
summer, and its absence in the winter. The summer min-
imum of electron density at 82 km is not accompanied by
any characteristics of the zonal winds, which are easterly
at all heights between 70 and 90 km. Three different
physical quantities (the winds and electron density measure-
ments at Birdling's Flat, and the northern hemisphere
temperature measurements) show that the winter mesosphere
is more uniform and more variable than the summer meso-
sphere. It is known (Charney and Drazin, 1961; Hines
1963(a)) that the mesopause is a barrier to wave propa-
gation on the planetary (periods of several days), tidal
(periods of one day and harmonice) and gravity wave (periods
of tens of minutes) scale. Consequently in summer, there
may be little wave energy above the mesopause, but there
could be considerable energy below the mesopause because
of the reflected energy, with a consequent disturbance of
atmospheric pressure, temperature and winds. Such dis-

turbances are, however, clheracteristic of the winter
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mesosphere. The paradox was partly resolved by Charney
and Drazin (1961) who showed that the summer stratospheric
wind system reflects the planetary waves and it is likely
(Hines 1963(a)) that the tidal and gravity wave motion

is similarly reflected.

The average mesospheric structure is more uniform
in the winter and the temperature barrier is small or non-
existent. Energy may be propagated upwards and thus give
rise to perturbations of pressure, temperature, winds and,
presumably, electron density. Indivdual diffraction drift
results can not easily be interpreted as an atmospheric
wave motion (Section 7) but Gregory (1961, 1964) found
that reflections of 2.4 Mc/s radio waves could be obtained
over a much greater thickness of the mesosphere in winter
than in summer. Gregory attributed these thick scattering
regions to turbulence but it seems equally likely that the
electron density fluctuations are caused by the increased
trgnsmission of a wide spectrum of atmospheric waves.

There does not seem to be any simple way in which the
source of the electron density fluctuations might be re-
vealed since a wide spectrum of waves and the turbulence
would each produce random electron density fluctuations.
It is conceivable that there is no fundamental difference
between high-frequency gravity waves and turbulence since
both forms of motion represent pressure and velocity

variations in a fluid, and can be generated by fluid
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instabilities. Discussions of turbulence usually assume
fluids of uniform density in the absence of gravity, and

the inclusion of gravity and the hydrostatic equation might
well eliminate the distinction. There is little point in
pursuing this topic, as even Hines can only speculate (1964)

on the link between gravity waves and turbulence.

Moving now to the very-low-frequency end of the
atmospheric wave spectrum, we return to a topic first
mentioned in Section 8.4.3. The downward progression
of the reversal height in the late winter (Figure 7.13)
may be associated with the increasing amount of energy
absorbed below the mesosphere, and the subsequent upward
propagation of this energy. It is known (Hines 1963(a))
that tidal and gravity wave motion is characterised by a
downward progression of phase when there is an upward
progression of energy. If it is assumed that the height
of reversal is a velocity mode of a seasonal "wave" with
characteristics similar to the tidal and gravity waves,
then the difficulty of finding an upper atmosphere driving
force for the equinoctial reversals in circulation may be

avoidede.

It is clear that a more detailed interpretation
of the experimental results requires considerable exten-
sion of current theories for wave motion to include models

more nearly like the real atmosphere.
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10. CONCLUSION.

The comparison of the diffraction drift
results with the information obtained from meteor trail
wind measurements and meteorological rocket-sondes show
that the high sensitivity diffraction drift techniques
is a most useful tool for the synoptic investigation
of atmospheric motion above altitudes of 65 to 70 km.

The diffraction drift results do require various correct-
ions, which can be made for suitable records, and, although
the significance of an individual drift observation has
been questioned by Hines, there can be no doubt that the
average velocity profiles show excellent agreement with
the results obtained by other methods. Most of the
individual drift velocity profiles show good agreement
with the appropriate mean profile and atmospheric gravity
waves appear to have only a second-order effect. The
results obtained show, in particular, the upward move-
ment of the mesospheric westerlies during the early part
of the winter. This is followed by their subsequent

downward movement, apparently irregular, in the late winter.

The diffraction drift method does reveal the
effects of gravity waves and, combined with suitable
phase path and group path measurements, could provide
information on the characteristics of the internal gravity

waves themselves.
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A careful analysis of correlation techniques
has shown that the reliability and usefulness of the
diffraction drift experiment is considerably improved
by using tetrachoric correlation. The principal im-
provement is in the simplification of the recording
process, with the consequent improvement in reliability
of the field equipment. The high sensitivity depends
on high-gain aerial systems, which are also simple and

reliable pieces of apparatus.

The spaced receiver diffraction drift method is
thus a simple, reliable, ground-based method for the
synoptic observation of atmospheric circulation in the
mesosphere and thermosphere. It enables observations
to be made over a much longer period than any rocket
technique, and certainly enables the observations to be

made much more cheaplye.
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APPENDICES A to E

CIRCUIT DETAILS OF THE WINDS EQUIPMENT.

Details are first given in Appendix A (and
Figure A.1.) of the radio receiver (up to and including
the video stages) used for the reception of 2.4 Mc/s.
pulses reflected from the moving irregularities in the

upper atmosphere.

Then follows

APPENDIX B. A description of the digital circuit elements

which were developed for use in various parts
of the winds equipment, and have also been

used in apparatus for associated experiments.

APPENDIX C. The logical design of the signal processing
unit which accepts the three video signals from
the receivers, limits them, selects the
appropriate height in a gate driven by the
height gate pulse generator, stores the re-
sultant binary digit until the next one is
received, integrates the stored digits, and

reshapes the d.c. level.

APPENDIX D. The logical design of the paper tape punch drive
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unit which accepts the d.c. levels from the
signal processing unit and controls the tape
punch so that the information is suitably

recorded on the punched paper tape.

The logical design of the height gate pulse
generator which supplies a height gate pulse

every 4 km from 32 to 128 km.
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A. RADIO RECEIVER.

The receiver consists of three independent
channels with a common local oscillator and a phase
reference channel. All circuits are conventional and
so detailed circuit diagrams are not given. Only the
basic circuit functions and any features unique to the

present use of binary signal information are described.

Al "BALUN" TRANSFORMER.

The balanced-to-unbalanced transformer was
required to perform two functions:

(a) to convert the balanced input from the trans-
mission lines to the unbalanced radio frequency
amplifier stages, and

(b) to transform between the standard impedance

levels of 600 ohms balanced and 75 ohms unbalanced.

The transformer has a parallel tuned primary
and a series-tuned secondary separated by a Faraday
shield. The design was assisted by the graphical method

given by Sandeman (1953 ).

A.2. RADIO FREQUENCY AMPLIFIER.

The 75 ohms input impedance level is stepped
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up to the 0.1 Megohms grid resistance (external to the
valve) by a pi-network. The 6BA6 plate impedance is a
single~tuned circuit shunted by back-to-back silicon
diodes (0A202) to reduce receiver overloading when the
transmitter pulse is radiated. The diodes limit the

mixer grid voltage to 1 V peak-to-peak.

A3, MIXER .

The mixer is a dual-triode, cathode coupled
circuit to provide méximum isolation between the oscil-
lator and signal inputs. The oscillator injection input
is applied to the mixer stage through a transformer with
an untuned low impedance primary and a high impedance

tuned secondary.

A.4y.  INTERMEDIATE FREQUENCY (4.5 Mc/s) AMPLIFIER.

The three amplifier stages are coupled with
synchronous single-tuned circuitse. The overall band-
width of the three channels is 90 to 110 kc/s (there are
small differences between channels). This is twice the
optimum CLawson and Uhlenbeck 1950) bandwidth for the

pulse length used.

A.5. DETECTOR.

The phase-sensitive detector was required to
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have, for convenience, unbalanced inputs and output. A
satisfactory circuit has been described by Villard (1949).
The detector is notAtrue multiplier ("product detector")
because when no phase reference input is applied to the
detector it functions as conventional rectifier detector.
This is a considerable advantage since the receivers can be
used to measure A(t) (equation 3.2) simply by switching

off the phase reference channel.

The phase-reference signal is applied to the
detector by way of a coupling transformer (from the low-
impedance input to the receiver chassis), cathode follower,

grounded-grid amplifier, and a tuned transformer.

A.6. VIDEO AMPLIFIER.

The video amplifier (two groupnded cathode stages
and a cathode follower) were designed Po handle bi-direct-
ional signals with the minimum shift in d.c. level. The
bi-directional operation was simply obtained by biasing
the valves to the mid-point of their linear operating
characteristic i.e. as conventional audio amplifiers,
rather than as the more common type of video amplifier
in which the valves are biased to one end of the linear
operating characteristic (because only signals of one

polarity are to be amplified). The d.c. level of a
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normal video signal is easily maintained by diode d.c.
clamping circuits but with bi-directional signals this
is impossible. Consequently coupling capacitors were
eliminated wherever possible. The second stage is
directly coupled to the cathode-follower output stagee.
Large time constants are used in the coupling circuits
between the first and second stages, and between the
output cathode and the output terminal. In this way
the sag in receiver mean level is reduced to a minimum.
There only remains a negligible variation in d.c. level

caused by the fading signal.

A.7. PHASE REFERENCE CHANNEL.

The 2.4 Mc/s sine wave from the transmitter
crystal oscillator and the 6.9 Mc/s sine wave from the
local crystal oscillator in the receiver are each ampli-
fied by a grounded-grid stage before being applied to the
mixer. The mixer and intermediate frequency amplifier
stages are identical with those in the signal channels.

Cathode followers provide low impedance outputs.

A.8. LOCAL OSCILLATOR.

The electron-coupled Pierce crystal oscillator

(International Crystal Mfg. Co., 1962) is followed by a
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pentode buffer amplifier. Four cathode followers
provide low impedance outputs for the four mixers in the

three signal channels and the phase reference channel.

A.9. PHASE COMPARISON OSCILLATOR.

A small (one metre square) loop antenna is
driven by a crystal oscillator using a grounded-base
transistor circuit. The oscillator and antenna are
mounted on the same pole, equidistant from the three
receiving aerial arrays, so that there can be no spurious
rgdiation from radio frequency feeder cables. The
oscillator could have been battery-powered but, to avoid
a 500 yard walk over rough ground whenever a phase
calibration was required, a cable was laid to the apparatus
site. The power is supplied through a switch located
in the caravan containing the receiving equipment. A
small amount of radio-frequency radiation from this power
lead was eliminated with series r.f. chokes and by-passing

capacitors.
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APPENDIX B. DIGITAL LOGIC ELEMENTS.

The digital logic elements used to realise the
logical functions required in the equipment were designed
on the following premises;

(1) All circuits should be as simple as possible.

(ii)  All components must be readily available from
local sources.

(1ii) All components must be as inexpensive as design
considerations allow.

(iv) Each circuit should use as few components as
possible, and as small a variety of components
as possible.

(v) The mechanical design should be based on plug-

* in modular units.

(vi) The maximum operating temperature will be uOO C
(1o4° F).

(vii) Only low speeds of operations are required (the
transmitter pulse repetition rate is 50 sec_1,
or less, and the data punching rate is 3.125 sec-1).

(viii) "Worst case" design limits give best reliability.
In this application there is no increase in cost
or circuit complexity because of the low oper-
ating speed and low loading of individual ele-

ments.

These features make possible equipment which is
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inexpensive, easy to maintain and easy to replace. The
use of standardised circuit elements eliminates much of
the construction work necessary when changes are to be
made in the equipment - only the inter-element wiring
need be changed. The transistor circuits were constructed
on commercially available plug-in printed circuit matrix

board.

NOTE: All voltages are assumed relative to ground, so

that, for example, -48V is a lower voltage than -12V.
In the diagrams all resistances are marked in units of

ohms, and all capacitances in picofarads.

B.1. DESIGN CRITERIA FOR DIGITAL LOGIC ELEMENTS.

The above premises led to the following con-
clusions:

(i) The common emitter configuration has more
power gain and a smaller ratio of input/output
impedances than the other configurations.
Diode logic circuits do not amplify and must
be used in conjunction with transistor amplifiers.
They are not therefore economical in this appli-
cation. The grounded-emitter transistor
configuration permits quite a large amount of
interstage power loss, allowing a greater free-

dom in design.
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(iii)

(iv)

(v)

(vi)

111
Saturated operation of transistors is permis-
sible since minority carrier storage delay
times are negligible compared with the required
operating times in the circuits.
Audio or slow-speed switching pnp germanium
transistors have adequate switching speed, are
readily available, cheap, and the base-collector
leakage current is still reasonably low at MOO C.
There is quite a bit of latitude in the defin-
ition of the " and "O" logic level voltages.
The minimum value of a "{" level is the supply
voltage (-12V or -48V) and the maximum will depend
on how heavily the source is loaded. A maximum
level of -6V was chosen as this allows the load
on a 12V logic element to be as low as the
element's equivalent resistance. A correspond-
ingly lower load resistance can be used on a
-48V element. The maximum value of a "O" is
ground for the electromechanical elements but
the output from a saturated transistor is limited
to about -0.25V.
Conclusions (ii) and (iv) indicate that diode
clamping of the voltages levels is unnecessarye.
The resistor-transistor NOR gate (Figure B.1.)
is the most satisfactory basis for the system of

logical elements since the transistor is only
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(viii)

(ix)
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about twice the cost of a diode, provides ampli-
fication, and all other logical functions can be
derived from it. As an example of economy, the
L-input NOR gate requires 4 resistors and a
transistor; whereas a 4 -input diode gate would
need 4 diodes and, after a few logical operations,
at least one transistor amplifier to compensate
for the power loss in the diodes. As an example
of the NOR gate's versatility, a flip-flop (bi-
stable multi-vibrator) can be constructed from
the two NOR gates with the input of each conn-
ected to the output of the other; and a mono-
stable multivibrator can be derived from the
two NOR gates, with the addition of a timing
capacitor and resistor.

A resistance tolerance of + 5 per cent is ade-
quate.

For maximum reliability all collector load
resistances exceed the limit set by the maximum
supply voltage and maximum transistor power
dissipation.

Dual-voltage supply biasing is used as it permits
greater de.c. stability, and it is sometimes

more convenient to operate a circuit between
ground and a supply voltage of, say, +V than

cc

between —Vcc and ground. The dual voltage
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supply also makes available a 24V supply for any
electromechanical elements which require this
operating voltage. The dual supply, and defin-
ition of logic levels in (iv) above, ensure that
no inter-stage level shifting is necessary as the
emitters can be directly grounded without the
saturation collector emitter voltage falling out-

side the limits for a "O" as defined in (iv).

B.2. DEFINITION OF LOGIC LEVELS AND PULSES.

The distinction between "O" and !"1'" was specified
in the previous section as V> -0.25V and V< -6V respect-
ively. Standard supply voltages of -12V, with a comple-
mentary +12V, were available. A supply delivering -48V
was also required for the tape punch and various uni-
selectors and relays. The positive terminal of this
supply is grounded to permit the use of the pnp power
transistors to drive these electromechanical devicese.
Logical "1'" levels derived from the electromechanical
devices are also -48V with respect to ground. Before
entering a transistor logic circuit a -48V level is

clamped to -12V as illustrated in Figure B.{1.

The apparatus at Birdling's Flat also contains

many valve circuits, including all the transmitting
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equipment. A trigger pulse of about +50V 1is required
to trigger this equipment. Fortunately this waveform
is readily obtainable from a grounded-emitter pnp ampli-

fier (Figure B.6.) operating from the -48V supply.

We must also consider how the timing of various
circuit functions is to be achieved. All the above
discussion relevant to the transistor logic is independent
of time and the bits may exist for as long as we wish or
as short as the rise, fall and storage times of the trans-
istors permit. This type of digital logic is termed
"level" logic because functions are determined by a d.c.
level. On the other hand '"pulse logic" is not related
to the length of time for which a bit is present or absent;
the term is used when a bit must pass through a capacitor
or transformer. The output voltage is proportional to
the rate of change of input voltage (assuming the sources
and loads have finite resistance and negligible reactance).
Timing functions can therefore be performed by either
level logic or pulse logice. A pulse of finite width can
be used to define time but it is ambiguous as there are
two pieces of information available - the leading edge and
the trailing edge. If the leading edge of a pulse is
used to define a time instant i1t is sometimes possible
for the trailing edge to interfere with circuit operation.

A time instant is therefore best defined by a step
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function. We have two choices, but a positive going
step is preferable because

(i) it implies that the pnp grounded emitter
stage generating the pulse is being switched ON
and with a reasonable amount of overdrive the
transition can be made very quickly (in less
than 0.5 microseconds for the transistors used,
which are nominally resiricted to audio
applications)

(ii) apart from the increased speed internal to the
transistor, the overdriven transistor has a very
low output impedance (about 3 ohms) and any
capacitance across the transistor is rapidly
discharged.

(iii) the uncertain delay due to minority carrier

storage is completely eliminated.

These considerations determine the various
definitions of the bits as they arise in various parts of

the equipment, and a re summarised in the Table B.1.

In Table B.1 the nominal values of the bits are
taken to be either the relevant supply voltage or ground.
The minimum and maximum values depend on the following

assumptions (the numbers refer to the rows in the table):

1+ MINIMUM: This is the lowest wvalue of base-emitter
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ADOPTED DEFINITIONS (IN VOLTS) OF BINARY DIGITS.

CIRCUIT ELEMENT BIT MIN. | NOM. MAX.
Transistor (level logic) 0 —-0.25| O 0

" " " 1 12 | 12 | -6
Electromechanical (level

logic) 0 -0.25| 0 0

" " " 1 60 | -u8 | -Lo
Transistor (pulse logic) |1 (=pos.step [+6 +12 +12
Electromechanical and
valve (pulse logic) 1 (=pos.step) +2L | +L8 +60




MAXTIMUM

2« MINIMUM:

MAXIMUM :

3. MINIMUM:

MAXIMUM:

L. MINIMUM:

MAXIMUM:

R
voltage or saturation collector to emitter
voltage which can be expected
Positive voltages are not necessary and
have not been allowed for.

No lower voltage is obtainable with a
-12V supply.

The output voltage available when the
element has a load equal to its internal
resistance, (see (iv) in Section B.1).
The clamping circuits do not operate above
-12V so that the minimum is determined
by the low voltage transistor circuits.
This level is also determined by the low
voltage transistor circuits.

This is the maximum voltage rating for
the power transistor. The -48V supply
is unregulated, and the primary power
source is a self-regulating diesel alter-
nator set. On some occasions the supply
voltage surges below -48V by a few volts,
but never falls as low as -60V.

The relays, uniselectors and tape punch
will operate with 35V applied to the
solenoids but 4OV was selected to give a
greater margin for unforeseen mechanical

misbehaviour.
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5« MINIMUM: This is the lower limit for reliable
operation of the flip-flop.

MAXTIMUM: The maximum reverse base-emitter voltage
of the low-power transistors is +12V.

6. MINIMUM: This voltage allows the series resistance,
of a diode clamp circuit to have a maximum
value equal to the resistance of one NOR
gate input. It is also equal to the
minimum resistance of the pulse gate.

MAXTMUM: No greater pulse amplitude could be ob-
tained with the supply available. It is
also the largest pulse otainable from the

power transistors.

NOTE ON SYMBOLS USED FOR LOGICAL DIAGRAMS.

There are only a few standard circuit elements,
with common positive, and negative power supply and ground
connectionse. It is therefore convenient to describe the
equipment by its logical functions, rather than be detailed
circuit drawingse. There is a great variety of curious
hieroglyphs used to represent logical elements in the
literature, including several "standards". To avoid
the necessity of "learning" any of these systems another
variety is here offered. The element is represented by

a box with the logical function as a mnemonic label on the
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box. Arrows show the sequence of events. A d.c. input
is attached directly to the box; an input to a coupling
capacitor is separated from the rest of the box by a
straight line. Each box symbol, with its set of connect-

ions, is defined below its circuit diagram.

B.3. DETAILED DESCRIPTION OF THE BASIC NOR GATE.

FIGURE B.1).

The circuit of the basic NOR gate is shown in
Figure B.1. The transistor will conduct if I1 or 12 or
13 or IM is sufficient to turn the transistor ON. When
the trgnsistor is On the output voltage is the saturation

collector-emitter voltage of the transistor (typically

50mV) .

In the discussion of logical functions in this
and succeeding sections the following abbreviations will

be used:

A and B abbreviated to A.B
A or B abbreviated to A+B

A = not B abbreviated to A=B (B.1)

With the definitions of logic levels given in Table B.1,

we see that the NOR gate performs the logical function



120

OUT = IN4+IN2+IN3+INL (B.2)

or, in English, an output is present if neither input 1
nor input 2 nor input 3 nor input L4 is present - hence the

name given to the circuit.

The NCR gate is able to perform any logical
function and this feature is made use of in the signal
processing unit (Appendix C). A given height of obser-
vation is selected by a delayed gate pulse. The gating
operation corresponds to the logical function agnd. If
we denote the signal by SIG and the delayed pulse of the

height gate by HG, the quantity X, which we require is

X = HG. SIG
or (De Morgan's Theorem) X = HG + SIG
—_—
or X = HG + SIG (B.3)

We obtain the desired function by applying HG
and SIG to the inputs of a NOR gate. The two inverse
functions are obtained by applying the original levels
HG and SIG to individual NOR gates, which are therefore

being used as logical inverters.

Before considering the design details, the

transistor characteristics need to be knowne. In the
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circuit diagrams, Figures B.1 to B.11, the transistor
labelled ACY21 in fact may be one of the following three
types - 2N1380, ACY20 or ACY21. It is hoped that the
lategt one used, the ACY21 will remain readily available
from local sources. Each of the first two seemed, e the
time to be in adequate supply, but eventually supplies
became difficult to obtain. The ACY21 was used wherever
possible but it was occasionally necessary to substitute
an ACY20. These two transistors are in the same manu-
facturing series which begins with the ACY17, used in this
apparatus in the high-vcltage (-LE&V supply) inverter or
NOR gate (see Figure B.6). The ACY20 and ACY21 are very
similar, the ACY20 having slightly lower gain and cut-off
frequencye. Equipment based on a "worst case'" ACY20 will
always be satisfactory if an ACY21 is substituted, and
the following analysis is therefore based on the ACY20,
although the ACY21 is shown on the circuit diagrams.

The characteristics of these three transistors are rel-
evant and are quoted for reference in Table B.2. For
convenient reference the characteristics of the power
transistor (ASZ16/0C29) are also given. Copies of
Tables B.1 and B.2 are included immediately before

Figure Be1 in Volume 2.



TABLE B.2.

SUMMARY OF TRANSISTOR PARAMETERS.

(Grounded emitter operations. Ambient temp. = uOOC, Ic = 50mA)
PARAMETER ACY17 ACY20 ACY21 ASZ16
Vog max (VBE iv) | =60 -32 -32 v -60 v
Vg max (reverse)|+12 +12 +12 v +20 v
v SAT) min -500 -200 -200 mV -1.C(I = 6A v
CE ( ) (?c = 300mA) ( @ )
VBE(ON) min -750
(IC = 300mA)| -380 -380 mV -800 mV
Vpgp (ON) max -315 -230 -230 mV | -LOO mV
(Ic = 200mA)
Vag (OFF) max +200 +200 +200 mV +500 mV
Vi (OFF) min -100 -100 -100 mV =200 mV
I, (AV) max 500 500 500 mA 8 A
I (AV) max 25 25 25 mA 1 A
I, max * 16 16 16 WA 345 mA
Pc max 180 180 180 mW 30 w
hem 50 - 210 50 - 130} 90 - 250 L5-130 (Ic = 14)
£, " T 1.1 (£,) 1.1 (£,) [ 1.1 (£,) | Me/s]0.25 (£,) Mc/s
T 3.5 3¢5 345 LS 50 LS

¥ see over

acl =
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TABLE B.2. (Cont.)

*The collector-base leakage current for the
ACY17, ACY20 and ACY21 was not available for the required
maximum temperature (4LO° C) and supply voltage (-12V).
The leakage current of alloy junction transistors has two
componentse The first, due to the thermal generation of
hole-electron pairs, is almost independent of voltage,
while the second component, due to surface leakage, is
almost proportional to voltage, but independent of temp-
erature (GEC 1962). A linear relationship therefore seems
to be a reasonable approximation for the leakage current
as a function of voltage. This assumption is supported
by the behaviour shown in a graph (with unlabelled axes)
in the GEC publication (1962). The linear relationship
seems valid except at very low voltages and near the

breakdown point.
= + + 5
Let I, max = a b (Vcc 10) (B.4)

With the quoted values for the ACY20 and ACY21

a = 10 microamperes
b = -3 microamperes/volt
The leakage current with Vcc = -12 V is therefore 16

microamperes
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It will be assumed that each NOR gate is being
driven by the maximum number of NOR ggtes (or their equiv-
alent) and is in turn driving the maximum number. This
maximum is assumed to be, at worst, five. The five-
input NOR gates are required for the decoding matrix in
the height gate unit (Appendix E). The first parameter
to be determined is the collector load resistance. Too
high a resistance will increase the rise time, if this is
being determined by the shunt output capacitances, and
aggravate the difficulties associated with leakage current.
A low resistance requires much larger power supplies.
The minimum load resistance (for maximum power dissipation)
is 200 ohms. A load resistance of 1000 ohms was chosen,
so that the ON collector current is 12mA. At this value
of collector current the current gain (hFE) of the trans-
istors is up to 10 per cent lower than it is at a current
of 50mA. The maximum potential difference across the
load resistance due to leakage current (in a maximum gain
ACY21) is 4V, The collector voltage is then -8V which
still represents a "". This situation could only arise
under the catastrophic conditions of an open base circuit
or complete failure of the +12V supplye. If these equip-
ment failures have not occurred, so that we only have to
deal with worst case leakage current, the collector volt-

age can only rise to -11.9V.
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The transistor OFF conditions are &termined by
the lowest potentials (VCE(SAT) mln) applied to the input
terminals, the maximum leakage current (Ico maz) and the
maximum base-emitter voltage (VEE(OFF) min). The current

through each input resistance Ra is

La(orr) = (VBE(OFF) min - Vop (saT) min)/R_ (B.5)

Ra cannot be accurately calculated until RB is known, and
vice-versa. Consequently one of the values has to be
assumed, and later modified if necessary. The initial
estimate for Ra is based on the required collector current
(12mA) the current gain (45 at worst, for the ACY20) and
the maximum voltage for a ™" (-6V). Thus R, (thE V"1"
max /IC) is 22,500 ohms, say 10,000 ohms for quicker

iteration. It Ra = 10,000 ohms then
Ia(OFF) = 8.7 microamperes

The maximum input current for up to five

possible inputs is therefore L43.5 microamperes

Now I min =1 _max + I, (B.6)
o) co inputs

60 microamperes

Hence Rb max = (VBB = VBE(OFF)

= 197,000 ohms (B.7)

max) / Ip min
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and the nominal value of Rb is Rb max less 5 per cent so

that

Rb = 187,000 ohms.

Since the resistance Rb completely determines the OFF
stability of the gate, and the estimate of Ico max might
be slightly in error, Rb was reduced to a nominal value
of 100,000 ohms. The assumed minimum voltage for a "O"
is -250mV, which is 50mV lower than the output from a

saturated ACY20. is therefore 14 microamperes.

Ia(OFF)

With these currents, R, max is 137,000 ohms, a nominal vglue

b
of 130,000 ohms. The gate is therefore stable with the
standard "O" level input. If fewer than five inputs are
used, even lower minimum values for the "O" level are
permissible. The single-input gate can tolerate a "O"
level as low as -0.96V. In various prototype develop-
ments non-standard logic levels were used temporarily,
with a single-input NOR gate used as a standardising

element. A single input NOR gate is also used as a

logical inverter and a buffer amplifier.

The worst transistor ON conditions are determined

by
(1) The least number of inputs (= 1)

(ii1) The maximum input voltage for a "1" (-6V)



(iii)
(iv)
(v)

(vi)

Thus

Ia(ON) min

where Ib m

The last t
the other

represente

L] L] I
a

127
The minimum base-emitter voltage
(Vbe(ON) min = -380mV)
The worst minimum of legkage current
(Ico’ assume = 0)
The maximum input voltage for a "O"
(Vno" max = -0.25V)

The maximum value of current through Rb, namely

I max = (VBB - VBE(ON) min)/ R min (B.8)

O.13mA

= Ip max + I, max + L (V"O" max - VBE(ON) mln)/Ra
(B.9)
ax = Ic max / hFE min
= Vcc/(hFE min. Rc min)
= 0.28mA (B.10)

erm represents the current passing through
four inputs which are grounded. The current

d by this last term is O.15mA

(ON) min = O.83HLA

max = (VBE(ON)

10,300 ohms

min - V. max>/ Ia(ON) min

10,000 ohmse
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This completes the analysis of the ON and OFF
states of the transistor in the NOR gate. All that re-
mains to be done is the analysis of the transition between
the two states. Since "worst-case" design has been used,
the minimum drive current to the transistor is that which
is just sufficient to cause saturation (the minimum over-
drive factor is 1). Assuming the worst values of all
parameters except the current gain, the overdrive factor
for a best ACY21 (hFE = 250) is 5.5. If the other para-
meters also reach their best limit, the overdrive factor
will be even higher. The average overdrive factor for an
ACY20 will be about 2, corresponding to a rise time improve-
ment factor of 4, and a rise time of about 2 microseconds.
This represents a possible ambiguity in time which is
rather large compared with the shortest pulse lengths used
in the system. Consequently 220pF speed-up capacitors
were added. These make available a minimum charge of
1300pC to provide temporary overdrive at the beginning of
the pulse. There is also a charge of 1300pC available
at the end of the pulse to remove the minority charge
from the base, with a consequent decrease in fall and

storage times.

The influence of the speed-up capacitor is

shown in the following table (B.3).
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INFLUENCE OF SPEED-UP CAPACITOR ON SWITCHING SPEED.

VALUE OF SPEED-UP CAPACITOR 0] 220 250 470 pF

RISE TIME L 2 1 O.7 us

FALL TIME 75 L 1.5 1 us

If the speed-up capacitor is 470 pF or greater,
the charge transferred on switching off is sufficient to
temporarily (for about 3 us) switch off a transistor which
is otherwise saturated by the current from another input.
With a 250 pF capacitor there is occasionslly a 0,5V '"spike"
at the collector but with 220 pF there is no detectable

switching transient.

The NOR gate is constructed, like the other logic
elements, on plug-in printed circuit matrix board. The
standard board contains two four-input and two three-input

NOR gates.

B.lie ADDITIONAL DIGITAL LOGIC ELEMENTS.

Although all logical functions can be performed
by a suitable combination of NOR gates it was found more
economical to provide some addaitional logic elements.

These will now be described briefly.
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B.li.1. FLIP-FLOP. (FIGURE B.2).

The basic binary storage element is shown in
Figure B.2. The standard card contains four flip-flops,
each equivalent to two single input NOR gates. They
can be SET by applying a positive pulse or level to the
S input or a negative pulse or level to the R input.
The positive pulse is provided by the pulse gate (Figure
B.B). The standard binary counter is obtained by connecting
a pair of pulse gates to the flip-flop, with pulse inputs
in parallel (forming the trigger input) and the level
inputs connected to the appropriate collectorse. When
the flip-flop is used as a level-controlled SET/RESET
element the inputs are applied through 10,000 ohm base

resistorse.

B.lt.2. PULSE GATE. (FIGURE B.3).

The pulse gate provides a positive output pulse
to switch off a transistor when a positive-going step is
applied to the capacitor and a "O" is present at the level
input. No output is obtained when the level input is ™"
or when a negative-going step is present. The gate there-
fore makes available, under the control of the level input,
a timing pulse from the standard time-defining positive-

going stepe.
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B.l.3. MONOSTABLE MULTIVIBRATOR. _ (FIGURE B.h).

This element is also based on a pair of NOR
gates, with the unnecessary input network removed.
Thetiming resistor (R) and capacitor (C) which produce the
appropriate delay time (®0.7 CR) are external to the
board. R is often a variable resistor in series with a

fixed current limiting resistor.

Normally triggering is provided by a positive-
going step applied to the capacitor. The differentiated
pulse cuts off the first transistor and for the duration
of the delay a "{1" is available from the D output. The
complementary output is available at D. A negative
going step cannot trigger the delay unit because it merely
drives the first transistor further into saturation. If
the negative-going step arrived during the unstable part
of the cycle, it could prematurely terminate the cycle.

No such negative-going trigger steps appear in the equip-
ment, but to allow flexibility, the direct base connection
(B) has been made available. A pulse gate connected to this
input triggers the delay unit only when a positive-going

step and a "O" level are present at the gate inputs, thus

eliminating the possibility of false triggering.
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Boliolts  SCHMITT LIMITER.  (FIGURE B.5).

The Schmitt limiter is used in the signal
processing unit to limit the bi-directional receiver
video output to the desired binary signal. It is used

elsewhere in the equipment as a pulse shaping circuit.

B.4.5. 48V PULSE AMPLIFIER. (FIGURE B.6).

This inverting voltage amplifier converts a
standard -12V level or pulse to the complementary -48V
level or pulse. It is also used to generate the L8V
positive pulse required for triggering associated valve-
operated equipment. The minimum permissible collector
load resistance is 3,200 ohms. The closest standard

value of resistance is 3,900 ohms.

B.lte6. PULSE CONVERTER.  (FIGURE B.7).

This element supplements the 48V voltage
amplifier in that it converts a positive-going 48V step
with any mean value, to a positive-going 12V step start-
ing at -12V. The subsequent exponential decay time de-
pends on the resistance connected to the output, but this

variability is of no significance.
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BelioTo EXCLUSIVE OR CIRCUIT. (FIGURE_B.B)u

This circuit performs the logical function

OUT (IN 1 OR IN 2) BUT NOT (IN 41 AND IN 2)

(IN 1 AND NOT IN 2) OR (NOT IN 1 AND IN 2)

i.e. OUT = IN { « IN 2 + IN 1 » IN 2

(IN 1 + IN 2). (IN 4 + IN 2)

This function is required for the parity check operation

in the paper tape punch drive unit.

The EXCLUSIVE-OR function based on the basic
NOR element is most uneconomical and this circuit, using

both emitters and bases of the transistors is preferable.

B.4.8. EMITTER FOLLOWER. (FIGURE B.9).

The emitter follower is a non-inverting ampli-

fier, in contrast to the NOR gate.

Ralla9e DIODE LIMITER. (FIGURE B.10).

The diode limiter is used before a Schmitt
limiter if the input is likely to exceed the ratings of
the first transistor in the Schmitt limiter. The out-

put is limited to 1.2V peak-to-peak.

B.4L.10. DIODE CLAMP. (FIGURE B.11).

The clamp reduces any negative input level or
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pulse of less than -12V to a standard level or pulse of

-12V.

Boljol11e THE POWER FLIP-FLOP. (FIGURE B.12).

This circuit was designed to perform the
functions of a flip-flop, but have adequate voltage and
current ratings to drive an electromechanical element.
For economy only one power transistor (ASZ16/0C29) is
used and the design is similar to that of the basic flip-
flop. Standard pulse gate inputs (S and L) are used to
turn ON the power transistor. However a standard pulse
gate driven from a standard logic element cannot provide
sufficient charge to turn the power transistor OFF.
Consequently a non-standard (reversed polarity) pulse gate
is used to switch the ACY21 ON, switching the ASZ16 OFF.
Inputs to either base are also available for additional

SET/REST functions.

B.l4.12. _ SOLENOID DRIVER. _ (FIGURE B.13)-

This element is used to drive the solenoid
motors of the uniselectors in the height gate generator
unite. Two transistors connected in parallel act as
current amplifiers for the solenoid. An ACY1/7 is ade-
quate in low duty cycle operation but in some applica-

tions, the power dissipation is excessives The second
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transistor, an ASZ16/0C29, has been added to cope with
high duty cycle operation. This type of operation arises
in the present equipment only when a uniselector is

homing. A damping diode is connected across the solenoid.
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APPENDIX C. SIGNAL PROCESSING UNIT. (FIGURE Cel).

This unity like the receivers, contains three
independent signal channels, with common control circuitse.
Channel A will be used as an example in the following
discussion, and the corresponding signals in the other
two channels are indicated by substituting "B" or "C"

for "A" in the abbreviations of Figure C.1.

The receiver output voltage, V,, can reach
70V peak-to-peak, so that it must first be limited by
the diode limiter (LIM). The resulting limited wave-
form (K) only has a peak-to-peak amplitude of about 1V
so that some amplification is necesgarye. A NOR gate
is modified to act as an amplifier and also provide the
necessary d.c. shift for input to the Schmitt limiter.
The modification is quite simple - the emitter is dis-
connected from ground and taken to a potentiometer so
that the emitter potential can be altered slightly to
centre the collector voltage on the mean input level for
the Schmitt limiter. The output (A) from the modified
NOR gate is shaped by the Schmitt limiter (SCH to the
standard (-12V, OV) levels. A single-input NOR gate is
used as a buffer amplifier. Its output (A) and the
inverted height gate pulse (HG) are fed to a NOR gate

whose output is therefore A.HG. The latter digit is
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applied to the S terminals of a flip-flop. The " "
output of the flip-flop is A.HG. if digit A was present,
i.e. the input waveform YA was negative. The flip-flop
is reset by the transmitter trigger pulse (TO). Except
for the short time between the TO and HG pulses, A.HG. is
applied to the RC integrating network as long as the
input (VA) is negative. The output of the integrating
network is roughly limited about its mean value by a
6V zener diode and a NOR gate. The output of the signal
processing unit comprises three d.c. levels representing
the average (over the integration time) of A.HG, B.HG

and C.HG.

Two NOR gates are connected to act as phase
meters for use in the phase calibration of the

receiving system.
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APPENDIX D.

PAPER TAPE PUNCH DRIVE UNIT. (FIGURE D.1J.

The punch drive unit comprises three main parts:

(i) The punch buffer register where the three d.c.
levels (A.HG, B.HG and C.HG) from the signal
processing unit are sampled and stored.

(i1) The program pulse generator provides pulses
which sample the input levels, set the parity
bit and start the punching cycle.

(iii) The parity check unit produces a "1" parity
check level if there is an even number of in-
coming "O" signal levels, maintaining the re-

quired (odd) parity on the paper tape.

The punch buffer register consists of one power

flip-flop for each of the eight tape éhannels. Only

the 1, 2, L, and C channels are used at present. ' The
input d.c. levels, A.HG, B.HG and C.HG are applied to

the level inputs of the 1, 2, and 4 (respectively) power
flip-flops. The STORE pulse from the program pulse
generator sets the flip-flop if the relevant level (L)

is at ground. Holes are therefore punched on the 1, 2,

and 4 tracks of the tape if A.HG = 0, B.HG = O or C.HG = O
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respectively, i.e. if the respective receiver outputs were

positive for the duration of the STORE pulse.

When the bits have been stored in the buffer
register and the interposer solenoids energised the
parity check unit provides the appropriate level to the
level input of the parity check power flip-flop (C).

The power flip-flops are relatively slow speed circuits,
the rise times being about 100 microseconds, so that
during this interval spurious pulses are emitted by the
parity check unit. The program pulse generator delays
the PUNCH pulse for 0.5 milliseconds to allow the power
flip-flops to settle. Diodes are connected across each
interposer solenoid to absorb the energy released by the

magnetic field when the power transistor is switched OFF.

The program pulse generator is driven by a 50
c/s tuning fork. The simple harmonic output of the fork
amplifier is limited to a square wave by a Schmitt limiter
which is followed by a NCR gate buffer amplifier. The
frequency is then divided in a four-stage binary counter
which uses flip-flop and pulse gate elements. The out-

S =i
put of the counter chain is a 3.125 sec square wave.

The square wave is applied through a NOR gate to the SET
terminal of the punch control flip-flop, a power flip-flop

modified to use a -12V supply to the power transistor.
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The NOR gate is used as a pulse mixer so that punching
can also be controlled externally. The 3.125 sec—1
square wave switches ON the power transistor producing a
positive-going step at the "O" output. The positive
step sets both the digit flip-flops of the buffer register
and the monostgble multivibrator with a delay of 0.5
milliseconds to allow the parity check output to reach
its final state. The trailing edge of the delay pulse
sets the check bit flip-flop and the punch clutch flip-
flop. The parity check interposer and the punch clutch

are energised simultaneously and the character represent-

ing the receiver outputs is punched on the tape.

The punching cycle proceeds and one of the
cams availlable on the punch is used to signal the end of
the punching operation. The cam opens at 6OO on the
punching cycle, providing a negative-going step which
resets the punch control flip-flop. The corresponding
negative-going step at the flip-flop output resets the

punch buffer register.
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APPENDIX BE.

HEIGHT GATE GENERATOR. (FLGURE E.1.)

This unit provides height gate pulses every
L km up to 128 km. The 37.5 ke sec™! oscillator is
triggered by the +50V transmitter trigger pulse which
is converted to a standard 12V pulse by the pulse con-
verter stage (PC), and then delayed by the adjustable
(20 to 250 microseconds) delay multivibrator (MONO)
to allow for the built in transmitter delay, time base
starting time delay cable propagation times, and oscill-

ator transient phase shift.

The trailing edge of the first delay multi-
vibrator output triggers a second delay (3ms) multi-
vibrator whose output gates ON the 37.5 kc sec_JI sine-
wave oscillator (Lambert 1963). The oscillator output is
turned into a square wave by the succeeding Schmitt
limiter (SCH) and NOR gate. The trailing edge of the
first delay multivibrator output is inverted by a NOR
gate and resets a counter control flip-flop which opens
a NOR gate to allow the 37.5 kc sec-JI square wave to

pass through to the binary counter stages (5 flip-flops).

The five-stage binary counter thus indicates the

time delay (in units of 26.7 microseconds) equivalent to
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the virtual height of the received signal, in 4 km steps
up to a maximum of 128 km. The output is &coded by a
resistor matrix whichhas outputs (TT = T?E) which are at
a level of -12V unless the counter contains the output
appropriate to that time. The last output level (T?E)
is amplified by an emitter folower, inverted by a NOR
gate and sets the counter control flip-flop so that the
counter retains a count of 32( = O) until the next

transmitter trigger pulse.

The required height level is selected by a
yniselector which is driven by a solenoid driver (SD)
and controlled by conventional homing circuits (not
shown) . The selected output is amplified by an emitter-
follower, inverted by a NOR gate and then changed to a
+50V pulse, 4 km wide, by the voltage amplifier (VA) or to

a =12V pulse, nominally 1 km wide, by a delay multivibrator.



143
REFERENCES

Albini, F.A. and R.G. Jahn, 1961: Reflection and transmission
of electromagnetic waves at electron density gradients.
Jo Appl. Phys., 32, 75-82.

Appleton, E.V., and J.A. Ratcliffe, 1927: On the nature of
wireless signal variations, I and II. Proc. Roy. Soc.,
115, 291-305 and 305-~317.

aufm Kampe, H.J., M.E. Smith and R.M. Brown, 1962: Winds
between 60 and 110 kilometers. J. Geophys. Res., 67,
L2L3=-4257.

aufm Kampe and Lowenthal, 1963: Review of U.S. Meteorolog-
ical Rocket Network activities and results. In:

Rocket and Satellite Meteorology (Eds. H. Wexler
and J.E. Caskey, Jr.) Amsterdam, North Holland
Publishing Co., 440pp.

Awe, O., 196u(a): Errors in correlation between time series.
J. Atmos Terr. Phys., 26, 1239~55.

Awe, O., 1964(b): Effects of errors in correlation on the
analysis of the fading of radio waves. J. Atmos. Terr.
Phys., 26, 1257~-1271.

Barber, N.F., 1957: Timing errors in an equilateral array
of receivers. J. Atmos. Terr. Phys., 11, 299-300.

Batten, E.S., 1961: Wind systems in the mesophere and
lower ionosphere. J. Meteorol., 18, 283-291.

Bjelland, Holt, Landmark and Lied, 1959: The D region of



144
the ionosphere, Nature 184, 973-97L4.

Brekovskikh, L.M., 1960: Waves in Layered Media. New York,
Academic Press, 561pp.

Briggs, B.H., Go.Jd. Phillips and D.H. Shinn, 1950: The
analysis of observations on spaced receivers of
the fading of radio signals. Proc. Phys. Soc.
(London), 63B, 106-121.

Brooks, C.E.P., and N. Carruthers, 1953: Handbook of
Statistical Methods in Meteorology London, H.M.
Stationery Office, 412pp.

Bussgang, J.J. 1952: Crosscorrelation functions of ampli-
tude-distorted Gaussian signals. M.I.T. Research
Laboratory of Electronics Tech. Dept., Rpt. No. 216.

Charney, J.G., and P.G. Drazin, 1961: Propagation of
planetary-scéle disturbances from the lower into
the upper atmosphere. J. Geophys. Res., 66, 83-109.

Clemmow, P.C., M.A. Johnson and Weekes, 1955: A note on the
motion of a cylindrical irregularity in an ionized
medium. In: The Physics of the Ionosphere, London,
The Physical Society, 406pp.

COESA (U.S. Committee on Extension to the Standard Atmos-
phere), 1962: U.S. Standard Atmosphere, 1962:
Washington, U.S. Government Printing Office, 278pp.

Eckart, C. 1960: Hydrodynamics of oceans and atmospheres,
Oxford, Pergamon Press, 290pp.

Elford, W.G., 1959: A Study of winds between 80 and 100 km

in medium latitudes, Planet Space Sci., 1, 94-101.



145

Faust, H., and W. Attmannspacher, 1961: On a connection
between heating levels and levels of maximum winds.
In: Space Research II (Eds. H.C. van de Hulst,
C. de Jager and A.F. Moore), Amsterdam, North Holland
Publishing Co., 1241pp.

Finger, F.G., S. Teweles and R.B. Mason, 1963: Synoptic
analysis based on meteorological rocketsonde data.
J. Geophys. Res. 68, 1377-1399.

Fooks, G.F., and I.L. Jones, 1961: Correlation analysis of
the fading of radio waves reflected vertically from
the ionosphere. J. Atmos. Terr. Phys., 20, 229-42.

GEC (General Electric Company, U.S.A.), 1962: Transistor
Manual, 6th edition. Syracuse, General Electric
Company, 456pp.

Gossard, E.E., 1962: Vertical flux of energy into the
lower ionosphere 'from internal gravity waves generated
in the troposphere. J. Geophys. Res. 67, 745-757.

Gossard, E.E. and W. Munk, 1954: On gravity waves in the
atmosphere. J. Meteorol., 11, 259-269.

Greenhow, J.S., and E.L. Neufeld, 1961: Winds in the
upper atmosphere. Quart. J. Roy. Meteorol. Soc.,
87, L72-489.

Gregory, J.B., 1961: Radio wave reflections from the
mesophere 1. Heights of occurrence. J. Geophys. Res.,
66, L29-445.

Gregory, J.B., 1964: Studies of the lower ionosphere.



146

U.S. Office of Naval Research Contract (Nonr2651 (00))
Report, 37pp.

Groves, G.V., 1963: U.K. Meteorological rocket grenade
studies. In: Rocket and satellite meteorology (E4.
H. Wexler and J.E. Caskey, Jr.), Amsterdam, North
Holland Publishing Co., L44Oppo.

Haurwitz, B., 1964: Comments on wave forms in noctilucent
clouds. Geophysical Institute, University of Alaska,
Scientific Report.

Heaps, H.S., 1962: Maximum error caused by using completely
clipped functions in the computation of Fourier
transforms and correlation functions. Quart. App.
Mathe., 19, 321-330.

Hess, S.L., 1959: Introduction to Theoretical Meteorology.
New York, Henry Holt and Company, 362pp.

Hines, C.0., 1960: Internal atmospheric gravity waves at
ionospheric heights. Can. J. Phys., 38, 1441-1481.

Hines, C.0., 1963(a): The upper atmosphere in motion.
Quart. J. Roy. Meteor. Soc., 89, 1-42.

Hines, C.0., 1963(b): Ionigation irregularities in the E
region. J. Atmos. Terr. Phys., 25, 305-6.

Hines, C.0., 1964: Iconospheric movements and irregularities.
Chapter 12 in Research in Geophysics, Vol. 1,
Cambridge, M.I.T. Press, 574ppe.

International Crystal Mfg. Co., 1962: Catalogue.

Jones, I.L., 1958: The height variation of drift in the E

region. J. Atmos. Terr. Phys., 12, 68-76.



147

Kane, J.A., 1961: Re-evaluation of ionospheric electron
densities and collision frequencies derived from
rockegt measurements of refrgctive index and atten-
uation. J. Atmos. Terr. Phys., 23, 338-347.

Kantor, A.J. and A.E. Cole, 1964: Zonal and meridional
winds to 120 kilometers. J. Geophy. Res., £9,
5131-5140.

Kendall, M.G. and A. Stuart, 1961: The advanced theory of
statistics Vol. 2, Inference and relationship.
London, Griffin and Co. Ltd., 676pp.

Kochanski, A., 1963: Circulation and temperatures at 70-
to 100- kilometer height. J. Geophys. Res., 68,
213-226.

Lambert, R.K., 1963: The recording of ionospheric inform-
ation. M.Sc. thesis, University of Canterbury.

Landmark, B., 1957: The fading of radio waves reflected
from the E layer. J. Atmos. Terr. Phys., 10, 288-295.

Lawson, J.L. and G.E. Uhlenbeck, 1950: Threshold signals.
New York, McGraw-Hill Book Co. Inc., 388pp.

Lee, H.S., 1962: A statistical study of apparent horizontal
ionospheric movements using 300 kc/s radio waves.
Scientific Report Ne.17/0, Ionosphere Research Labor-
atory, Pennsylvania State University.

Maeda, K., 1963: Japanese rocket sounding for meteorology.
In: Rocket and satellite meteorology (Eds. H Wexler

and J.E. Caskey, Jr.), Amsterdam, North Holland
Publishing Co., U4L4Oppe.



148

Manson, A.H., 1965: Electron densities in the lower
ionosphere. Ph. D. Thesis, University of Canterbury.

Miers, B.T., 1963: Zonal wind reversal between 30 and 80 km
over the southwestern United States. J. Atmos. Sci.,
20, 87-93.

Mitra, S.N., 1949: A radio method of measuring winds in
the ionosphere. Proc. Instn. Elect. Engrs., Pt. 3,
96, LL1-LL6.

NBS, (U.S. National Bureau of Standards), 1959: Tables of
the bivariate normal distribution function and re-
lated functions. N.B.S. Applied Mathematics Series
50 Washington, National Bureau of Standards, 258pp.

Nordberg, W., 196L4: Rocket soundings in the mesophere.

In: Meteorological Observations above 30 kilometers.
Washington, National Aeronautics and Space Adminis-
tration (SP-49), 57pp.

Nordberg, W. and W. Smith, 1963: Grenade and sodium rocket
experiments at Wallops Island, Virginia. In: Rocket
and satellite meteorology (Eds. H. Wexler and J.E.
Caskey, Jr.), Amsterdam, North Holland Publishing
Co., LLODD.

Pawsey, J.L., 1935: Further investigations of the amplitude
variations of downcoming wireless waves. Proc.

Camb. Phil. Soc., 31, 125.
Pearson, K., 1901: Mathematical contributions to the

theory of evolution VII on the correlation of char-

acters not quantitatively measurable.



149
Phil. Trans. Roy. Soc. (London), 195A, 1-47.

Phillips, G.T. and Spencer, M., 1955: The effects of
anisometric amplitude patterngin the measurement of
ionospheric drifts. Proc. Phys. Soc. (London), 68B,
L81-492.

Pitteway, M.L.V., 1960: The reflexion of radio waves from
a stratified ionosphere modified by weak irregularities.
II. Proc. Roy. Soc. (London), 254A, 86-100.

Ratcliffe, J.A., 1948: Diffraction from the ionosphere and
the fading of radio waves. Nature, 162, 9-11.

Ratcliffe, J.A., 1956: Some aspects of diffraction theory
and their application to the ionosphere. Reports on
Progress in Physics, 19, 188-267.

Ratcliffe, J.A. and Pawsey, J.L., 1933: A study of the
intensity of downcoming wireless waves. Proc. Camb.
Phil. Soc., 29, 301.

Rice, S.0., 1944, 1945: Mathematical analysis of random
noise. Bell Syst. Tech. J., 23, 282; 24, L6,
reprinted in: Selected papers on noise and stochastic
processes, (ED. N. Wax), New York, Dover Publications,
Inc., 1954, 337pp.

Sandeman, E.K., 1953: Radio Engineering. Vol 1. London,
Chapman and Hall Ltd., 779pp.

Smith, L.B., 1962: Monthly wind measurements in the
mesodecline over a one-year period. dJ. Geophys.

Res, 67, L4653-L672.
Teweles, S., 1964: Application of meteorological rocket



150
network data. In: Meteorological Observations above
20 kilometers. Washington, National Aeronautics and
Space Administration (88-L9), 57PD.

Villard, 0.G., Jr., 1949: A phase and amplitude demodulator
for use in meteor researche. Electronics Research
Laboratory, Stanford University, Tech Report No. 18.

Villars, F. and Feshbach, H., 1963: The effect of the
earth's magnetic field on irregularities of ioniz-
ation in the E layer. J. Geophys. Res., 68, 1303-1320.

Yule, G.U., 1900: On the association of attributes in
statistics: with illustrations from the material of

the Childhood Society, etc. Phil. Trans. Roy. Soc.

(London), 1944, 257-319.



	ABSTRACT
	ACKNOWLEDGEMENTS
	CONTENTS
	1. INTRODUCTION
	2. GROUND-BASED RADIO OBSERVATIONS OF AIR MOTION IN THE UPPER ATMOSPHERE
	2. 1. PRINCIPLES OF THE METHOD
	2. 2. THE NATURE OF THE REFLECTING SURFACE
	2.3. HEIGHT RESOLUTION OF THE RADIO METHOD

	3. CORRELATION ANALYSIS OF THE GROUND DIFFRACTION PATTERN
	3.1. THE CORRELATION FUNCTIONS OF THE FADING RECORDS
	3.2. THE APPLICATION OF TETRACHORIC CORRELATION TO THE ANALYSIS OF FADING RECORDS
	3.3. CALCULATIONS FOR A JOINT GAUSSIAN PROBABILITY DISTRIBUTION

	4. THE DETERMINATION OF THE DRIFT VELOCITY
	4.1. INTRODUCTION TO THE VELOCITY PARAMETERS
	4.2. DETERMINATION OF THE VELOCITY PARAMETERS FROM THE CORRELOGRAMS
	4.3. VELOCITY  PARAMETERS WHEN THE RECEIVERS ARE NOT IN THE LINE OF DRIFT
	4.4. THE ANALYSIS OF A STATISTICALLY ANISOTROPIC DIFFRACTION PATTERN

	5. OUTLINE OF EXPERIMENTAL METHOD
	5.1. APPARATUS AT BIRDLING'S FLAT
	5.2. EQUIPMENT AVAILABLE IN THE MOBIL COMPUTER LABORATORY

	6. FEATURES OF THE EXPERIMENTAL CORRELOGRAMS
	6.1. SAMPLING ERRORS
	6.2. THE INFLUENCE OF PHASE DRIFT ON THE CROSS-CORRELOGRAMS
	6.3. INTERFERENCE BETWEEN ORDINARY AND EXTRA-ORDINARY WAVES
	6.4. CONCLUSION

	7. ATMOSPHERIC WINDS BETWEEN 65 AND 100 KM.
	7.1. A NOTE ON TERMINOLOGY
	7.2. THE INFLUENCE OF THE GEOMAGNETIC FIELD ON THE MOVEMENT OF IONISATION
	7.3. THE DIFFRACTION OF WAVES BY IRREGULARITIES IN A FLUID
	7.4. THE DEDUCTION OF ATMOSPHERIC WINDS FROM THE EXPERIMENTAL RESULTS
	7.5. INFLUENCE OF SOLAR TIDES
	7.6. GROUP PATH DELAYS IN HEIGHT MEASUREMENT

	8. THE DYNAMICS OF THE ATMOSPHERE BETWEEN 65 AND 100 KM.
	8.1. BASIC EQUATIONS OF ATMOSPHERIC MOTION
	8.2. TEMPERATURES BETWEEN 65 AND 100 KM
	8.3. THE MERIDIONAL TEMPERATURE GRADIENT
	8.4. THE CIRCULATION BETWEEN 65 AND 100 KM

	9. A DISCUSSION OF MOTION IN THE MESOSPHERE
	10. CONCLUSION
	APPENDICES A TO E
	APPENDIX A. RADIO RECEIVER
	APPENDIX B. DIGITAL LOGIC ELEMENTS
	APPENDIX C. SIGNAL PROCESSING UNIT
	APPENDIX D. PAPER TAPE PUNCH DRIVE UNIT
	APPENDIX E. HEIGHT GATE GENERATOR

	REFERENCES


 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: current page
     Trim: none
     Shift: move left by 14.40 points
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20170815103644
      

        
     32
            
       D:20170517092912
       841.8898
       a4
       Blank
       595.2756
          

     Wide
     1
     0
     No
     1207
     313
     Fixed
     Left
     14.4000
     0.0000
            
                
         Both
         3
         CurrentPage
         25
              

       CurrentAVDoc
          

     None
     36.0000
     Left
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0h
     Quite Imposing Plus 4
     1
      

        
     132
     167
     132
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 498.95, -0.01 Width 20.85 Height 697.45 points
     Origin: bottom left
     Colour: Default (white)
      

        
     D:20170815103658
      

        
     1
     0
     BL
     652
     457
            
                
         Both
         2
         CurrentPage
         76
              

       CurrentAVDoc
          

     498.9483 -0.0062 20.8539 697.4462 
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0h
     Quite Imposing Plus 4
     1
      

        
     132
     167
     132
     3cc78f84-15d1-46cf-8a45-f00e00c3e420
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 82.29, 291.13 Width 111.79 Height 88.50 points
     Origin: bottom left
     Colour: Default (white)
      

        
     D:20170815103805
      

        
     1
     0
     BL
     652
     457
            
                
         Both
         2
         CurrentPage
         76
              

       CurrentAVDoc
          

     82.2926 291.1295 111.7938 88.5034 
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0h
     Quite Imposing Plus 4
     1
      

        
     151
     167
     151
     295f90ec-7925-40e9-a399-78984043cd6e
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 174.02, -0.00 Width 146.95 Height 47.18 points
     Origin: bottom left
     Colour: Default (white)
      

        
     D:20170815103847
      

        
     1
     0
     BL
     1265
     100
            
                
         Both
         2
         CurrentPage
         76
              

       CurrentAVDoc
          

     174.0202 -0.001 146.9504 47.1788 
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0h
     Quite Imposing Plus 4
     1
      

        
     166
     167
     166
     37bc2963-3a3d-40cd-b28b-5d52f2e2fa40
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 12.36, 184.59 Width 37.85 Height 51.75 points
     Mask co-ordinates: Horizontal, vertical offset 59.47, 141.34 Width 44.02 Height 33.21 points
     Origin: bottom left
     Colour: Default (white)
      

        
     D:20170815103905
      

        
     1
     0
     BL
     1265
     100
            
                
         Both
         2
         CurrentPage
         76
              

       CurrentAVDoc
          

     12.3578 184.5891 37.8459 51.7485 59.4722 141.3367 44.0249 33.2117 
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0h
     Quite Imposing Plus 4
     1
      

        
     153
     167
     153
     87fe8d98-0031-44c3-8728-9f8f4cbabff4
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 166.83, -0.00 Width 156.60 Height 25.97 points
     Mask co-ordinates: Horizontal, vertical offset 206.97, 14.95 Width 62.17 Height 18.89 points
     Mask co-ordinates: Horizontal, vertical offset 277.00, 18.88 Width 22.82 Height 10.23 points
     Origin: bottom left
     Colour: Default (white)
      

        
     D:20170815103930
      

        
     1
     0
     BL
     1265
     100
            
                
         Both
         2
         CurrentPage
         76
              

       CurrentAVDoc
          

     166.8324 -0.0028 156.6021 25.9692 206.9666 14.9491 62.1686 18.8867 277.0047 18.8839 22.8214 10.2303 
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0h
     Quite Imposing Plus 4
     1
      

        
     115
     167
     115
     56ef1fc6-b35a-42f0-92ab-433360818b51
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 4.67, 603.52 Width 16.35 Height 92.67 points
     Origin: bottom left
     Colour: Default (white)
      

        
     D:20170815103941
      

        
     1
     0
     BL
     1265
     100
            
                
         Both
         2
         CurrentPage
         76
              

       CurrentAVDoc
          

     4.6725 603.5207 16.3536 92.6705 
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0h
     Quite Imposing Plus 4
     1
      

        
     0
     167
     0
     2624df38-2710-4065-a19b-b2438615bf75
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 17.87, 554.69 Width 112.65 Height 131.29 points
     Origin: bottom left
     Colour: Default (white)
      

        
     D:20170815103949
      

        
     1
     0
     BL
     1265
     100
            
                
         Both
         2
         CurrentPage
         76
              

       CurrentAVDoc
          

     17.8682 554.6898 112.6475 131.2926 
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0h
     Quite Imposing Plus 4
     1
      

        
     1
     167
     1
     032740f8-23cf-4a5d-852e-1cc6277c625b
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 497.62, 591.84 Width 21.03 Height 77.87 points
     Origin: bottom left
     Colour: Default (white)
      

        
     D:20170815104014
      

        
     1
     0
     BL
     1265
     100
    
            
                
         Both
         2
         CurrentPage
         76
              

       CurrentAVDoc
          

     497.6176 591.8395 21.0261 77.8744 
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0h
     Quite Imposing Plus 4
     1
      

        
     15
     167
     15
     f30b04f5-8902-462c-aca1-bfb4f4aed008
     1
      

   1
  

 HistoryList_V1
 qi2base





