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SUMMARY

This thesis is concerned with an experimental investigation of small
scale wind structure in the mesosphere and lower thermosphere. Emphasis is
placed on the observations made with a rulti-stetion radio-meteor system
in the height range 75 - 105 km. Observations were made of the line-of-
sight ﬁnd at a minimum of three and a maximum of five reflection points
on & single meteor treil. Occasional separastions of up to 1Lk km were
possible but relisble statistical measurements were only made for separatio
up to about 5 km.

Previocus observastions of wind shear have been collated and it has been
found that the small scale wind structure in the region 70 - 110 km can be
regerded as due to anisotropic turbulence with horizontal scales of up to 2
least 10 kn and a vertical scale of sbout 2 km. The energy for this turbu-
lent regime is considered to originate from the background wind field of
internal gravity waves and tidal waves. The statistical measurements of
wind shear deseribed in this thesis show that this concept may be too
simple. While turbuience certainly is responsible for the rapid diffusion
of a chemical release below gbout 110 km, there still remains an uncertaint
in the extension of turbulence theory to measurements of wind shear by the
radio-meteor technique even though the results from the two methods are
consistent.

Two wind profiles determined by tracking contaminsnt release trails ar

compared with simultaneous radio-meteor wind observations. Both similariti



gnd differences are evident in the wind profiles and the latter are not
fully explained, but a number of possible causes have been examined. The
turbulent phenomena which appeared on the trails are discussed briefly and
compared with the multi-station wind shear measurements.

The variation in the diurnal and semidiurnal tidal winds over the two
vear period 1968-1969 has also been determined. It appears that the theory
of atmospheric tides is still incomplete as meny discrepancles between
observation and theory are found. The consistency of the seascnal changes
in the prevailing wind is emphasised by the results for the years 1966-
1969.

The possibility of measuring wind shears over scales of the order of
2 km with the falling sphere technique has been examlned and shown to be

limited by observational errors to heights below 60 km.
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CHAPTER T

DYNAMICS OF THE ATMOSPHERE BETWEEN 30 km AND 120 km

1.1 INTRODUCTION

The structure and circulation of the atmosphere g@bove the levels
accessible by meteorological balloons has been a subject of considerable
interest during the last two decades. The rapid development in radio,
rocket and sstellite techniques over this period has ensabled relatlively
sophisticated sounding methods to be devised. The accumulation of experi-
mental data has in turn stimulated much theoretical interest in the dyna-
mics of the regiom.

The ultimate source of energy for the motion observed in the atmosphe:
is of course the sun. The manner in which solar energy Is shsorbed in and
transmitted through various levels in the atmosphere is of prime importance
An indirect method of heating the atmosphere is the eventual dissipation
by turbulence of the kinetic energy of various types of wave motion. This
contribution is of importance in the energy budget of the mesosphere and
lower thermosphere. The relative amounts of energy dissipated by turbulent
internal gravity waves and tidal waves are not well established in this
region. Hence simultaneous observations of tides and small scale structure
mey enable a better understanding of the distribution of energy among these

forms of motion.



In order to separate the tidal and small scale wind motion from the
total wind field continuous observations are required. A radio-meteor
system is ideal for this purpose over a limited region in the mesosphere
and lower thermosvhere. This thesis describes observations of tides and
small scale structure made with such a system.

Throughout the thesis, emphagis is put on small scale wind structure
in the mesosphere and lower thermosphere. After a theoretical considera-
tion of small scale phenomena due to turbulence asnd internal acoustie-
gravity waves, previous observations are discussed. Observations of the
prevailing and tidal wind components determined with a radio-meteor
system are presented. Messurements of wind shear made with a multi-
station system are slso discussed. A direct comparison with observations
of chemiluminescent traslls is also made. The possibility of using balloon
and parachute sensors for small scale wind measurements is also examined.

In the remainder of this chapter the present knowledge of the energy
budget of the mesosphere and lower thermosphere is summarised and s brief
deseription is given of the various experimental methods which have been
used to determine both large and small scale structure in the atmosphere.
These techniques can be broadly classified into two types; direct methods
which depend on sensors to be injected directly into the region of interes
and indirect measurements which rely on ground based observation of some
naturally occurring sensor. Some of the techniques used are deseribed in

§1.3 and §1.L4.



1.2 SOURCES AND SINKS OF ENERGY IN THE MESOSPHERE AND LOWER THERMOSPHERE

The thermal structure of the mesosphere and lower thermosphere (50 -
120 km) is determined by the local sources and sinks for solar energy. Ii
addition adisbatiec expansion and compression assoclated with vertical
motion in the circulation systems can modify temperature structure signify
cantly.

The meridional temperature structure for summer and winter are shown
in Figure 1.1 (after Newell, 1968). The most surprising feature is the
extremely low temperature at 85 km observed over the summer pole which is
continuously sunlit and hested by radiative effects, while at 609N at
this height in winter high temperatures occur in the presence of radiative
cooling. A satisfactory explanation of the temperature patterns has been
Proposed in terms of the adiabatic heating associated with the atmospheric
cireulation. The maln features of the patterns below 90 km are a summer
maximm at 50 km over the pole and equator and a winter maximm over the
equator at 50 km.

Leovy (1964) and Newell (1968) have proposed successful dynamical mod
driven by radiative heating which ean maintain cold mesopause temperatures
over the summer pole. The winter temperature structure is only partially
understood but it appears that the effects of large scale a#ddies must be
included.

Below about 80 km most regions of the atmosphere can be considered

to be In a state of radiative equilibrium, the absorption of solar
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ultraviolet by ozone being belanced to a large extent by emission of
{nfrared radiation by carbon dioxide. Leovy (1969) has discussed the
various sources and sinks of energy that are consistent with the gross
features of the wind field in this region.

Above 80 km the atmosphere departs significantly from radiative
equilibrium as s nurber of non-radiative processes begin to influence
the distribution of heat sources and sinks. Thus the following sources
of energy must be considered in the region 80 - 110 km:

(1) sbsorption of solar radistion by molecular oxygen (~ 14 ergs/

on - sec),

(11) trensport of energy by thermel conduction and turbulent heat
trensfer from higher in the thermosphere (&. 5 ergs/cm2 - sec),
(iii) release of chemical energy by recombination of atomic oxygen

transported from higher levels (v 1 ergs/cm2 - sec),

(iv) dissipation of turbulent energy genersted by wave motions such

as gravity waves and tidal waves (~ 10 ergs/cm2 - sec).

These sources must be balanced by infrered emission by carbon dioxide
(~ 28 ergs/em2 - sec) end nightglow emission by the hydroxyl radical
(&, po ergs/cm2 - sec). Both large and small scale motions can have a
significant effect on the heat sources and sinks, so that sn wnderstandin
of these motions is essential if relisble eirculation models are to be
developed.

Because of the varisble nature of heat sources and sinks, it is not

surprising that the temperature structure of the atmosphere has the



variations shown in Figure 1.1. These temperature differences must
produce large pressure gradients that give rise to the mean winds
observed. Superimposed on these mean winds are meteorological disturb-
ances (e.g. Newell and Dickinson, 1968) and sbove 70 km tidal and gravity
waves of various modes become important.

1.3 EXPERIMENTAL TECHENIQUES: DIRECT METHODS

Figure 1.2 illustrates the height range encompassed by some of the
experimental techniques used. In general direct methods cannot be used
on a routine basis because of the high cost of each sounding. However
they do make possible controlled experiments and, in general, give
essentially an instantaneous vertical sample of the parameters being
measured. Current methods being used most extensively are described
below.

1.3.1 HMeteorolozical Rockets

Small end relatively inexpensive meteorological rockets
capable of reaching en altitude of about 65 km are being used in
increasing numbers to measure the mein meteorclogical parameters of wingd,
temperature and density. The wind sensors which have been employed
include radar chaff dipoles, inflatable spheres and parachutes. These
sensors are tracked with an accurate radar so that winds can be Jeter-
mined from the measured displacements. In the case of the falling
sphere the atmospheric density can also be found from the drag accelerati

The falling sphere technique was developed by Bartman et al.

(1956) and has been in operation since 1952 using both inflatable balloon
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and rigid spheres. Essentially this technique measures the mean wind
and density and its extension to measurement of small scale structure
involves careful assessment of the accuracy of the system. This espect
is discussed in Chapter X.

The most general technique employed at the present time is
to lower an active package through the region by a parachute. The fall
rates obtained with this type of system are generally sacceptable for
accurate radsr tracking. A bead thermistor is normsally used to measure
the temperature. This system is currently used by the Meteorclogical
Rocket Network (Webb et al., 1961).

1.3.2 Acoustic Grenades

This technique 1s appliecsble to the upper stratosphere and
mesosphere (30 - 100 km) and is capsble of determining both temperature
and wind. A sequence of grenades are fired from an ascending rocket at
intervals of a few kilometres. The exact time and location of each
explosion is determined by photogrsphic end photoelectric techniques and
the time and direction of arrival of the acoustic wave at the ground is
recorded by an arraey of mlcrophones. ZEach wave front is traced back
through a model atmosphere to find the "virtual" position of the explosion
and by gradually modifying the wind and temperature structure of the model
a closer and closer approximation to the true distribution of wind and
temperature can be achieved (Stroud et al., 1956). Groves (1960) has
considerably modified the technique to give greater accuracy and informatior

on vertical wind strengths.



1.3.3 Conteminant Releases

Te most convenient method for determining winds gbove TO
km ig to employ some form of artificial tracer. The usual technique has
been to sject selected chemicale from high altitude rockets. Alkali
vapours, particularly sodium, have often been used since these resonantly
gcatter sunlight and hence can be tracked photographically provided the
background sky illumination is sufficiently smell. This latter require-
ment restricts the use of these chemicels to a 20 - L0 minute period at
twilight when the trail is sunlit and the background is dark. Observa-
tione of these trails are usually made by several cameras on the ground
and the winds sre deduced by triangulation of particular features in the
trail (Manring et al., 1959).

By using materials which undergo photochemical resetions with
atomic oxygen, trails can be made luminous at night. Rosenberg et al.
(1963) have developed a technique for producing trails of trimethyl-
aluminium which is now used by many experimenters for wind measurement
over the height range 85 to sbout 160 km. Further detalls and some
results found using this technique are discussed in Chapter IX.

1.3.4 Gun-Leunched Probes

Gun-launched probes are being used to inject sensorsz up to
an altitude of 150 km. Because of the extreme accelerations involved,
typically 40000 g, active psyloads which telemeter information back to
ground have not yet been successfully developed for general use. The
normal psyloads used to date have been packages of radar chaff which are

expelled and tracked by radar, and tanks of chemicals which can lay

vapour trails (Bull, 1964). Murphy et al., (1966) have used this techniqu
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to lay trimethylaluminium trails throughout several nights. This experi-
ment is sttractive because of the considerable reduction in cost compared
t0 an equivalent rocket programme.

1.4 EXPERIMENTAL TECHNIQUES: INDIRECT METHODS

Ground based observations of wind and temperature at altitudes above
30 km have been made using many different techniques. The main advantage
over direct methods is the possibility of routine messurements which cannot
be carried out with rockets because of the high cost. One disadvantage of
many ground based observations is the limited height resolution often
available.

Some of the indirect methods shown in Figure 1.1 are now seldom used
because of the difficulty of interpreting the basic measurements. Other
techniques, in particular radio-meteor systems, are being used more
frequently to obtain routine measurements at many sites distributed widely
in letitude and longitude.

1.4.1 TIonespheric Drifts

When radio waves are reflected from the ionosphere a diffrac-
tion pattern is formed on the ground. By sampling with three or more
close-spaced receivers, parameters which describe the behaviour of this
pattern can be found. These ensble a measure of the drift velocity in the
ionosphere to he determined.

The technique has mainly been applied to the E-region at
heights near 110 km. Kent and Wright (1968) have reviewed many of the

observations made and pointed out the various assumptions necessary at



various stages during the enalysis. Some of these assumptions have

only recently been experimentally tested with the aid of a large aerial
array near Adelalde (Felgate, 1970; Golley and Rossiter, 1970). The
main dlfficulty in interpreting sthe results is the uncertalnty as to when
the drift of the charged particles is the same as that of the neutral
air.

A most interesting development of this technique hps been
in its application to the wesk partial reflections from the D region
(Fraser, 1965 and 1968; Rossiter, 1970). Depending on ionospheric con-
ditions, drifts can be obtalred at about 5 km intervals over the height
range T0 to 100 km for two or three hours srowmd noon each day.

1.4.2 The Radio-Meteor Method

The first messurements of winds by tracking a meteor trail
by radio techniques were made by Manning, Villard end Peterson (1950)
although detection of meteors by radar was accomplished much earlier.
Since meteoroids enter the earth's atmosphere throughout the day the
tracking of meteor trails is an extremely useful method of wind measure-
rent in the height region T5 km to 110 km. Details of the scattering of
radio waves from a meteor trail are described in Chapter IV.

The basic measurements required are the location of the
reflection point in space and the radial veloeity of the meteor trail
at this point. Many techniques have been developed for this purpose

but they can be classified into two main types: phase-coherent pulse
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methods with narrow beam antennas and with simple direction finding
techniques or continuous wave methods with more sophisticated direction
finding systems.

The first continuous wave system wzs developed by Memming,
Villard and Peterson (1950) at Stanford, U.S.A. The angle of srrival
of the sigmal reflected from a meteor trail was determined using a
special direction finding system while the Doppler shift in frequency of
the reflected wa:;-relative to the transmitted wave (frequency 23 MAz)
gave a messure of the radial drift velocity. The sense of the drift
(towerd or awsy from the observing gite) was found by beating the sky
wave with a phase-shifted ground wave.

A slightly more sophisticated CW system was developed at
Adelaide by Robertson, Liddy and Elford (1953). This system is described
in meore detail in Chepter V. The direction of arrival of the reflected
signal is determined by comparing the phase of the signal at an array
of aeriels. The range of the echo is found using a separate pulse trans-
ritting system. Thus echoes are obtained at accurately known heights
(£ 1.5 km) in the height range 70 - 110 km. The maximum usable echo rate
achieved with the present trensmitting power (1.5 xw at 27 MHz) is sebout
60 echoes/hour.

Spizzichino et al. (1965) have developed a different CW
technique at Garchy, France using three transmitting frequencies (fl =
+ 4.8 xRz, £

29.972 Mz, £, = T = £ 0+ 5.4 ¥Az). A direction finding

1 3
syaten similer to that in use at Adelalde is employed except that phase



comparisons are made at the radio-frequency itself instead of the low
frequency Doppler heat. The direction of arrival is found to an accuracy
of £ 0.50. By phase comparison between the three frequencies received,
the slant range of an echo is determined to an accuracy of about 300
metres. A usable echo rate of about 100 achoes per hour is achieved with
this equipment but only one compozent of the wind (east-west) is measured®.

The phase-eoherent pulse method was developed Dy Creenhow
(1952a) and has been used at a large number of installations since.
Psrhaps the main reasons for the popularity of this system are that it
can be operated from a gingle site and the relative esse of discriminating
against reflections from alreraft. Yarrow beam antennee are normally umed;
range is determined by standard radar techniques, direction of arrival is
determined either by simply relying on the antennse beam or else by simple
vhase corparisons between aerials with different vertical radiation
patterns. The original system of CGreenhow and ¥euf=1d relied upon the
ressured decay rates to determine the heights and only had an accuracy of
t 5 km. NMany stations in the USSR do not attempt height measurement.
Figh rates can be achieved with this type of system owlng to the gain
possible in the eerial beam but at the expense of an eccentuated diurnal
rate, and accuracy.

Southwortn (1968) at Hevane, Illincis has developed a

highly accurate phase-ccherent pulse system for observing & limited region

¢ As from April 1970 the north-south component is also determined.



of the atmosphere. A very high power transmitter (3 megawatt) is used
in conjunction with a series of eight recelving sites. By comparing
Fresnel diffraction patterns of the echoes received at each of these
gites the orientation and height of the trail can be determined. In its
final form this system should be sble to measure the complete vector
winds in a volume 50 km x 30 km x 16 km.

The radlo-systems currently known to be operating taking
routine wind observations asre shown in Table 1.1. Informstion on the
systems operating in USSR is not as recent as for other countries but is
based on the lastest available publications. The minimum hourly rates
given where possible are estimates of the minimm number of useful echoes
obtained during the least favoursble time of the day (usually near
1800 hours local time). Other stations planned, with equivalent system
orientation, are

Georgis Tech., Atlants, Georgia, U.S.A. (Adelaide, Alaska)
Washington State U., U.S.A. (Stanford)

British met. stations (2), U.K. (Sheffield)

Jemaica, ¥.I. (Sheffield)

University of Kyoto, Japan (Stanford)

University of Saskatchenan, Canada (probably CW)
University of Western Ontario, Canada, (probably pulse)

(Roper, 1970; private cormumication).

1.4.3 Other Methods

The occasional appesarance of noctilucent clouds at a height

of 80 km observed at high latitudes enables a quite detalled study of the



Minimum

Hourly Rate

Station Power Exeguency Location
(Miz)
Adelaide, South Aust. 1.5 kW (CW) 26.8 35%, 130°®
65 kW (pulse) 27.5
Hevena, I11., U.S.A. 3 MW (pulse) 40.9 %0° o, g:w
Garchy, France 5 kW (CW) 20.8 W, 3%8
(3 frequencies)
Durham, N.H., U.S.A. 30 XW (pulse) 36.8 h3 N, 71%
Stenford, Calif., U.S.A. 5 kW (pulse) 30.1 37, Oy, 122 w
Felrbenks, Alaska, U.S.A.| 1.5 kW (CW) 30.2 65°n, 148%
(2 frequencies)
White Sands, M.M., U.S.A.| 30 kW (pulse) 32.8 33, 1o6°
Englin AFB, F/a, U.S.A. 5 kW (pulse) 36.8 30, 83 W
Sheffield, England 75 kW (pulse) 25 SSON 1%
Kharkov, U.S.S.R. 100 k¥ (pulse) 36.9 507N, 36° oF
Kazan, U.S5.8.R. 100 kW (pulse) T2 s6°n 19°%m
Moscow, U.5.S.R. 100 kW (pulse) 33 507N, 3708
Heyes Isld., U.S.S.R. 75 kW (pilse) 33.5 79° n, ;8 i
Tomsk , U.S.S.R. 50 kW (pulse) 30.0 5;°w %) oF
Obninsk, U.S.S.R. 75 kW (pulse) 24,0 56°1, 35°%
Kiev, U.S.S.R. 10 kW (pulse) 3b4.5 52°ﬂ 30°b
Frunze, U.S.S.R. 45 kW (pulse) 38.3 hq N, TL Iy
Duschenbe, U.S.S.R. 80 kW (pulse) 37.4 38 W, 68°%
b =i i S p—G——

TABLE 1.1:

THE STATUS OF RUSSIAN MFTEOR WIND MEA"URPMFdTu

RADIO-METEOR SYSTEMS KNOWN TO BE OPERATING AS AT DECEMBER 1969
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horizontal wind field to be accomplished (Witt, 1962). However since
these clouds occur infrequently routine measurements csnnot be made.

An interesting possibility of measuring winds in the height
range 100 - 120 km is by the use of the incoherent backscatter (Thomson
scattering) technique. By observing the spectrum of a return pulse the
Doppler shift due to the ions moving along the field lines can be deter-
mined (Carru et al., 1967). Over the height range 100 - 120 km the
collision frequency is high enough so that the ions should move with the

neutral air. Thue in principle the wind can be measured.
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CHAPTER IT

THEORIES OF IRREGULAR STRUCTURE TN THE ATMOSPHERE

2.1 DESCRIPTION OF THE PROBLEM

Any attempt to explain the movements and structure of the atmosphere
below 120 km would be incomplete without some discussion of turbulence and
internal gravity waves. In particular the cbservations to be discussed in
Chapter III indicate that the irregular winds of the mesosphere and lower
thermosphere contain a significant fraction of the energy in this regiom.
Both the theory of atmospheric turbulence and the theory of internal
gravity waves must be used to explain the observations. For example the
fine-scale motion observed within & particular globule of a chemicel trail
can be explained by the application of turbulence theory whereas the larger-
scale background fluctuations of the trall may often be explained in terms
of motion due to internal gravity waves.

The purpose of this Chapter is to present an outline of the theories
of atmospheric turbulence and internsl gravity waves. Rather than pre-
senting mathematical detail, physical ideas and interpretation will be
emphasised.

A common problem in & discussion of turbulence in the atmosphere is in
the definition of turbulence itself. Pasquill (1953) states that "in all
its physical essentials a turbulence condition is adeguately deseribed as
one of irregular motion in which mixing of fluid properties occurs at a rate

many orders of magnitude greater than that occurring by molecular motion’.
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A more formal definition has been used by Lumley (1964); "turbulence is
any rendom, three dimensional veloeity field with a continuous spectrum,
displaying spectral transfer and dissipation at high wave numbers”. This
definition of Lumley's, which includes a velocity field due to random
internal gravity waves is most useful in its application to the mesosphere
and lower thermosphere.

Gravity waves are basically natural modes of oscillation of the
atmosphere which can be excited by some external driving forces. In
general coupling between various modes is not important and hence the
distribution of energy is determined mainly by the driving forces. In the
case of turbulence, interaction between various modes has become so strong
that in an equilibrium state the distribution of energy is determined
primarily by internal energy transfer. The driving mechanism merely
determines the total smount of energy aveilsble and ultimstely the region
of viscous dissipationm.

For both theories presented here the governing equations of motion are
the same as for most classes of problem in Atmospheric Physies. The
equations are those for the conservation of momentum, mess and energy for
a viscous, compressible, Newtonian fluid in a uniform grevitational field
(see, for example, Landau and Lifshitz, 1959). Both theories are concerned
with the deviation of meteorological parameters from their mean values and

hence perturbation techniques are applied to the basic equations.
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2.2 GENERAL THEORY OF TURBULENCE

The structure of a turbulent field can be discussed under three
classifications:

(i) A description of the continuous character in the structure and

the effects of turbulence through the use of the concept of an energy

spectrum;

(i1) the energy balance involved in the generation, transport and

decay of the turbulence;

(ii1) the diffusive nature of turbulence.
The present discussion will mainly be concerned with the first two classi-
fications sbove.

Useful texts which cover turbulence as a problem in fluid dynamies
are those of Batchelor (1953) snd Hinze (1959). The problem of turbulence
in the atmosphere is well covered by Lumley and Panofsky (196L) to which
frequent reference will be made in the following discussion.

2.2.1 Statistical Description

Any experimentsl investigation of turbulence requires observa-
tions of some fluctuating quantity either as a function of time or space
and sometimes both. These fluctuations are normally deseribed by the auto-
correlation function. In the case of a wind field with velocities u” |
expressed as a devistion from a mean wind speed ﬁ the correlation function

for the point at r end at time t is given by

p(t) = u'(xr, thu'(r, t + t)/u*(r, t)2 2.1
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where t 1s the temporal lag. An alterrative description which avoids
some of the complications when the data is non-stationary is by means of

the structure Tunction, defined ss the varlance of the differences

n(1) = |u(t) - u(t + )2 . 2.2

In both (2.1) and (2.2) the independent variable 1 could equally well be
replaced by a spatial displacement £. Thus a veloecity field }_f_(_z_-_) can be

characterised by a set of nine similar structure functions,

D (8) = [Vi(E+ 1) - V() I+ ) -V ()] 2, k=1, 2,3

2.3

A deseription of a fluctueting quantity by means of the structure
function alone would not be particularly useful. Usually the distribution
of enerzy in time and space 13 of most interest. The spectral energy
dengity #(x) can be calculated from either the structure function or the

correlation function using the appropriate relation,

r o
8(k) = —— I” sin (k*r)VD(r)dr 2.k

1672¢2 .

or -
ax) = — ”I p(r) exp (- ix-r)ar 2.5

(2m)3 44

where ¢ is the wave-nurber.

The spectral energy density tensor has many statistieal and
geometrical implicatione but by itself does not express anything about the
physicel processes involved. The distribution of the available kinetic

epergy among eddies of various sizes, the generation of this energy and its
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ultimste dissipation have all to be investigated if the basic physical
processes are to be understood. The methods of production of turbulence
in the atmosphere are not fully understood but probsbly depend on instabi-
1ity mechanisms. The energy budget in fully developed turbulence is
discussed in §2.2.2 below.

2.2.2 The Energy Balance

Two methods for the production of turbulence are

(1) breakdown of the mean flow in the presence of shear, and

(11) vertiesl motion associated with thermal effects in the

mediwn.

As yet is 1t impossible to predict precisely the characteris-
tles of a turbulent field directly from the characteristics of a particular
energy source. However once the turbulence has been established it is
possible to describe the energy balance of the turbulent field,

Lumley and Panofsky (1964, p6T) derive an expression for the
rate of change of kinetic energy which can be described term by term as
follows:

(1) =an "eddy stress" term which describes the transfer of

energy from the mean motion to the eddy motion superimposed

on this mean:

(41) vertical energy exchange due to the action of buoysncy

forces;

(11i) +transfer of energy among components by pressure forces

with no dissipation occuring;
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(1v) transfer of kinetic energy among corponents by viscous

stresses which ultimately are responsible for the dissipation

of the energy:

(v) convection and viscous transport (no net gain or loss of

energy).

The relative importence of these terms in the energy budget
depends on the particular model of turbulence considered.

2.2.3 The Inertial Subrangs

The ultimate sink for turbulent energy is conversion to hest
by viscous action. This dissipative mechanism oceurs by progressive trans-
fer of kinetic energy from large eddies to smaller eddies until eventually
the eddies are sufficiently small that viscous forces can extract energy
from these eddies. Conslderation of these terms in the energy budget led
Kolmogorov (19L1) to develop the highly successful "similarity” theory of
turbulence . The basis of this theory is that in the transfer of energy
from larger to smaller eddies, a range of wave numbers should be reached
in which energy transfer is isotropic. This equilibrium range is self-
adjusting through the operation of inertia forces and must depend only on
the parsmeters which describe external effects. These effects are simply
the insertion of energy at low wave numbers and the removal of energy at
high numbers by viscous dissipation. The two parameters concerned are
the rate of energy dissipation € and the kinematic viscosity v. If
further an extensive range of wave-numbers exists in which no production
or dissipation occurs (an inertisl sub-range) then motion associated with

this subrange is independent of both the energy containing eddies and the
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eddies responsible for the dissipation (and hence independent of the
viscosity). In such an inertial subrange the energy spectrum for wave-
nunbers, k, must he of the form

B(x) = ae2/ 3573 2.6

where o is a universal constant (Kolmogorov, 1941). The corresponding
structure function also has a characteristic power law for the inertial

gubrange, for example

D11(8) = (u(x; + &, xp, x3) - wi(x1, %2, x3))2

= ge2/3:2/3 2.7

where 8 is an absolute constant (see also Lumley and Panofsky, 1964).

The value of the exponent in the power law for an inertial
gubrange has been confirmed in the atmosphere (e.g. by MacCresdy, 1962;
Pond et al., 1963), in the ocean (Grant et al., 1962) and in the lsboratory
(Gibson, 1962 and 1963). The numerical value of the universal constent in
the expression (2.6) ebove has been the subject of some debate snd is
discussed further below.

Tor the longitudinal component of the wave-number expression

(2.6) 1s written as
s(k) = ac?/3/3 2.8

vhere S(k) is now a one-dimensional energy spectrum. As measurements are

frequently made of only one component of the motion this form of the power



22,

law for an inertial subrange is generally used. A similar expression

exists for the lateral component viz.

s, (k) = -‘3} ac2/375/3

Various estimates of the numerical value of the constant
a in expression (2.8) sbove have been discussed by Penofsky and Pasquill
(1963): the more recent determinations suggest that the value lies betwe_en
0.45 and 0.50 (spectral measurements in a tidal current, Grant et al., 1962
spectral measurements of wind speed, Pond et gl., 1963 and 1966; labora-
tory measurements, Gibson, 1062). The relation between the constant 8 in
expression (2.7) and the constant a in expression (2.8) is 8 = L4.82a
(Batchelor, 1953).

It is spparent that 1f measurements of, say, wind speed can
be made in an inertial subrange and the spectrum determined then the wvalue
of e, the rate of dissipation of energy, can be determined from the
measured spectrum oan substitution of the appropriate constants.

2.2.4 The Buoyancy Subrange

In general the Kolmogorov spectrum should only apply to an
atmosphere with neutral stratification because of the neglect of buoyancy
effects. Most parts of the atmosphere can have some degree of stable
stratification and hence the effects of buoyancy should be considered in a
complete analysis of turbulent motion. This problem has been discussed by
a number of authors for the case of small mean shearing motion (Bolglano,
1959 and 1962; Shur, 1962; Monin, 1962; Lumley, 1964). The form of

the energy spectrum predicted is
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E(K:‘cc,i(b 2.9

where the value of the exponent b lies between - 5/3 and - 3 depending on
the assumptions made.

The underlying concept which gives rise to power laws of the
form of expression (2.9) is that of a "buoyancy subrange”. This term
applies to that region of the spectrum in which the energy of the turbulent
field is suppressed by the action of negative buoyancy forces associated
with a stasble atmospheric environment. The range of eddies in the buoyancy
subrange is determined by the condition that the eddies should be small
enough that sany mean shear present has no influence but large enough that
buoyancy forces are important.

Provided that the turbulence in the buoyancy subrange remains
epproximately isotropic in spite of the snisotropic influence of the
environment, then the one dimensional energy spectrum should also have the
form

8 (i ) ic”

since a relatively small amount of the turbulent energy cascading from large
to small wavelengths is being removed by buoyancy at a given wave-number
in the buoysncy subrange. The values of the exponent b predicted by
verious theorlies are given in Table 2.1.
When the buoyancy effects are included, the energy spectrum
is divided into four regions as shown in Figure 2.1:
(i) 1large sesle fluctustions for wave-numbers k such that
D<k < ko, these fluctuations carry the turbulent energy

extracted from the mean flow,




Theory Value of Exponent (b)
Bolgiano (1962) - 11/5
Shur (1962) -3
Lumley (196h4) -3
Monin (1962) -5/3<b <-11/5

TABLE 2.1 POWER LAWS PREDICTED BY VARIOUS
BUOYANCY SUB-RANGE THEORIES

Theory Diffusion Law
Bolgisno (1962) a = Bwét—:ts (buoyancy subrange)
Lin (1960) | a2 = % B(e)t? (inertial subrange)

Batchelor (1950) a2 = -1—3- et3 i i
a2 ~ t2 high shear

Tchen (1961) a2 ~ t3 1ow shear

TABLE 2.2 DIFFUSION LAWS PREDICTED BY VARTOUS
THEORIES
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(i1} +he buoyaney subrange, k €k < kg for which the
gpectrum has the form Eezkb
(iii) +the inertial subrange, kB-s k € k¥ in which the energy
is simply passing from larger to smaller eddies with Exk5/3
(iv) the viscous dissipation region, k¥ € k¥ < = where the
rinetic energy of the smaller eddies is dissipated by viscous

foreces.

2.2.5 Turbulent Diffusion

In genersl mass, momentum and heat are transported much more
effectively by turbulence than by molecular motion. The two forms of
transport are similar in the type of motion inwvolved but the temporal
and spatisl scales of each are grestly different. The scales of turbulent
motion are of the same order as the temporsl and spetial scales charac-
terising the distribution of the scalar being transported. The fluid
consequently interacts with itself over a wider area than purely local
properties can describe.

Coté (1965) discusses severzl theories of turbulemt diffusion

and Pinds that some of the relations concerned can be written in the form

6-2n n-2.n
€

A2av 4 2,10

o
where d is the diameter of the diffusing cloud at time t after formation
and A is the rms turbulent velocity. The value of the exponent n in the
expression (2.10) depends on the form assumed for the turbulent energy
gpectrum. Table 2.2 gives the form of the diffusion law predicted by

various theories.
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If observations of sctual turbulent diffusion yield a time
exponent compatible with expression (2.10) then the value of € can be
calculated.

2.3 INTERNAL ACOUSTIC-GRAVITY WAVES

Possible solutions to the equations of motion for the atmosphere
include a set of waves. In principle a complete set of natural modes can
be determined; however the properties of a partlicular class of waves are
usuelly investigated by making certain assumptions in the equations of
motion. Waves with periods of the order of days and scales of the order
of the cireumference of the earth are termed planetary waves sand are
associated with large scale meteorological disturbsnces and continental~
scale orographic perturbations. Thermal and gravitational tides form a
second rather speciel class of waves since the periods and driving forces
are well known. Waves with periods of a few minutes to a few hours and
horizontal scales of the order of a few hundred kilometres form a third
class normally termed internel acoustic-gravity waves. The present section
is only concerned with this latter type of wave.

Internal acoustic-gravity waves follow neturally from the considerstion
of sound wave propagation in a gravitationel field. In a sound wave there
18 s continuous exchange of energy between the kinetie energy of the wave-
motion and the complressional energy of the medium (the stored energy). In
the presence of a gravitational field potential energy is stored by raising
the fluid mass. If there is slso a variation with height in the density

of the medium then there may be an exchange of less dense fluld with fluld
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of grester demsity hence storing energy. It is this latter internsl energy
storage which is important in the consideration of internal acoustie-
gravity waves.

Gravity waves in an incompressible fuid were first discussed by
Rayleigh (1883). Lamb (1910) extended the theory to compressible fluids.,
More recently interest has been renewed mainly due to the work of Hines
(1560) in spplication of the theory to the irregular winds observed in the
mesosphere and thermosphere.

2.3.1 General Charscteristics

The essential features of intermal acoustic-gravity waves can
be illustrated by considering en isothermal satmosphere with no mean wind.
With these simplifications a dispersion relation can be determined from the
linearised governing equstions(Hines, 1960)}. Although this dispersion
relation is extremely useful in describing many of the properties of these
waves a more realistic atmospheric model mnstlbe considered if useful
quantitative results are to be obtained.

The dispersion relation (equation 1 of Hines, 1960) is pre-
sented in diagrametic form in Figure 2.2(a). This is a plot of curves of
constant angular frequency, w, in the two-dimensional kx’ kZ space (kX and
kz being the components of the wave number vector in the horizontel and
vertical directions respectively). These curves show only propagating
waves for which kx and kz are real; evanescent waves with imaginary vertical

wave-number can also exist. Two frequencies are important on this diagram:
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Figure 2.2: Two methods of representing the dispersion relationship for internal
acoustic gravity waves. :
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(1) w

vhere y = ratio of specifie hesats;

g = gravitational acceleration;
¢ = speed of sound,

this is the acoustic cut-off frequency and represents the

lower frequency limit at which "sound" waves will propsgate

in the atmosgphere.

(i1) w=wg= (v - 1‘);5% s

this is the Brunt-Vaisala frequency and is the natural frequency

of oscillation of the atmosphere.

The high frequency (w > wa) wavee are termed acoustic waves
since energy storage is predominaently due to the compressibility of the
atmosphere. Waves with frequencies w < mg are termed interneal gravity
waves since energy storage is predominantly due to gravitational effects.
The frequency region wg <w <, is prohibited if only propagating waves
are to be considered. Tsble 2.3 gives values of the acoustic cut-off
period and Brunt-Vaisala period for various heights in the atmosphere.
The two series of waves are distinguished clearly in Figure 2.2(a), the
farily of ellipses in this disgram represents the sequence of acoustic
waves, while the superimposed family of hyperbolae represents internal
gravity waves.

If the coordinates in Figure 2.2(a) are normelised to
n, = kxc/m and n, = kzc/m where ¢ is the phase wvelocity of the wave, then
Figure 2.2(b) results (only one quedrant of the plot in n , n, space is

shown).
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These curves can be considered as provagation surfaces and
have been discussed by Hines {1950), Zckart (1960) and Tolstoy (1963).  The
circle (n? = 1) represents waves which propagate with the speed of sound
while acoustic waves (n = (nx2 + nyz);é < 1) have phase speeds faster than
the speed of sound and internal gravity waves travel slower.

A number of interesting facts emerge from consideration of these
curves. A particular combination of kx and kz (or n, and nz) implies a
particuler direction of phase propagation. If waves with frequencies much

less than the Brunt-Vaisala frequency are considered then it is apparent

n

4

[3
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" n

thet the ratio is nearly constant over most of the hyperbolse.

WIW
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Thus waves with these frequencies can only propegate in certain directions.
In particular, for internal gravity waves of low frequency, the wave fronts
are slightly tilted from the horizontal moving upward or downward. Further-
more the particle motion assoclated with such a wave is nearly a straight
line oscillation normal to the wave front. It is well known that the
direction of energy propsgation for d& wave packet is the same as that of
the group velocity. Thus the direction of energy propagation for internsl
acoustic-gravity waves can readily be found from the direction of the
normals to the propagstion surfaces shown in Figure 2.2(b). It is apparent
that downward phase progression for an internal gravity wave can be
accompanied by upward energy propagation.

Another interesting characteristic of internal gravity waves
is the fact that the amplitude of these waves Increases with altitude

inversely as the square root of the density. This increase compmnsates for
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the upward decrease of atmospheric density and hence maintains a constant
energy flux upward. Disturbances that are quite small in the troposphere
may be quite significant in the nmesosphere (providing they can propegate
that far): e wave with an arplitude of 3 em/sec nesr the ground would
have an amplitude of 3 m/sec at 68 km and 30 m/sec at 95 km.

A plctorial representation of an internal gravity wave
indicating the main features discussed sbove is shown in Figure 2.3. Many
of the features of internal gravity waves have been demonstrated experi-
mentally by Mowbray snd Rerity (1967).

2.3.2 Ducting of Internal Gravity Waves

When more realistic model atmospheres are used with the
equations of motion then new phenomens appear with the introduction of a
varisble temperature and wind profiles. These phenomena include ducting
or trapping of waves and reflection of waves at so called 'eritical levels'.

The principles involved in the ducting of these waves can be
discussed using a simple three layer model consisting of the ground (the
lower boundary), en jisothermal layer (in which the allowed wave modes are
transmitted vertically) and an upper lgyer at a different temperature from
which reflection can occur. Certain combinations of horizontal wavelength
and frequency can undergo repeated reflections between the upper layer and
the ground and hence can be trappsd in this duct. The process is analogous
to the behaviour of light which undergoes repeated total internal reflec-

tion in "light pipe” fibres.
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Pfeffer and Zarichny (1962) snd (1963), Press and Harkrider
(1962) have used multilayer approximastions to the atmosphere and have
computed the expected behaviour of the various modes allowed. Pierce (1966)
hes gshown that this muitilayer approximation is valid provided that the step
size used is sufficiently small. Weston (1962) has used the alternative
procedure of using layers of continuvally varying but analytic temperature
profiles.

In some cases the reflecting layer may be of limited thickness
and weakly reflecting allowing some energy flux through this reglon and
into upper layers. In such cases the duct can be considered "lesky" since
a wave can propagate along the duct but with gradually decreasing awplitude.
Freldmen (196A6) has shown that the thermal incline in the thermosphere is
important in esteblishing a duet and that in fact waves can propagate for
meny hundreds of kilometres without suffering severe attenuation.

The background wind structure of the atmosphere can also be
important in ducting of gravity waves primerily for waves with slower phase
velocities. The mean wind is most easily included in the basic equations
of motion by translating the coordinate system into a frame of reference
noving with the mean wind. The intrinsic frequency of the wave in this
moving frame of reference then becomes the important frequency paremeter.
There is the possibility that ducting may occur due to a2 layer of low
intrinsic frequency being sandwiched between leyers of high intrinsie
frequency. The parameter which is important in determining whether the
wave is reflected is the ratio of intrinsic frequency to the Brunt-Vaisala

frequency (Bretherton, 1966).
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2.3.3 Critical Layers

Another interesting phenomenon of internal gravity waves
occurs at a level (a 'eritical' level) where the intrinsic frequency is
zero. The singularity of the mathematical equations at such a level
glves rise to some complexity. An argument based on the concept of a
wave group leads to the realisation that the waves do not penetrate such
a level. The vertical component of the group veloeity in the vielnity of
the eritical level is proportional to the square of the vertical distance
from it. Thus an upward propagating group would take an infinite time to
reach it so that nothing can be transmitted (Bretherton, 1966). This is
snalogous to the hehaviour of quantum-mechanical waves in the presence of
infinite potential barriers; no "tunneling" 1s possible regardless of the
thinness of the barrier.

Booker and Bretherton (1967) have concluded from a more
rigorous study of critical levels that transmission will be finite but
negligibly small in most cases of interest. If the atmosphere near the
critical level supports dlssipation by viscous or thermal effects then the
absorption of energy may be intense. Such a limited height region is a
possible area in which extensive turbulence might be expected.

Hines and Reddy (1967) have considered various atmospheric
models in discussing the general problem of internsal gravity waves propa-
gating through reglons of varisble wind and temperature. They conclude
that in general the waves with small horizontal phase veloclty are most

affected. Wind induced reflections impose a directional filter on the
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gravity-wave spectrum. Waves propagating in the direction of the back-
ground wind may be strongly reflected whereas there may only be wesk
reflections in other directions. Houghton and Jones (1969) have designed
more sophisticated models in sn attempt to describe the time-dependent
properties of internal gravity waves.

2.3.4 Sources and Effects of Internal Gravity Waves

Unlike tidal oscillations the sources of internal gravity
waves are umcertain. Because of the exponential growth factor it seems
reasonsble to expect generation at lower levels or at least in situ rather
than to propose a source at a higher altitude. Possible mechanisms sugges-
ted inelude airflow over mountains, tropospheric fronts, extreme wind
shears such as found in the jet stream (Hines, 1960), and turbulent mixing
(Tovnsend, 1966). The efficiency of nuclear explosions as gravity wave
generstors has been discussed by Beker and Davis (1968), Row (1968) and
Hines (1967). Row (1966) has also considered the possibility of earth-
quake generation of acoustic-gravity waves. Lindzen (1968) has suggested
that non-linearities in the atmospheric tides might generate higher
harmonics which would behave in the seme manner as intermal gravity waves,

Whether or not a gravity wave can propagate from lower levels
into the thermosphere is still an open question. As discussed earlier the
underlying temperature and wind structure may cause reflection at a lower
level. The energy of the wave msy also be dissipated by the effects of
eddy viscosity and of thermal conductivity since these become gradually

more important ass the wave propagates upward. The heating effeet produced
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by these dissivative effects in the thermosphere msy be quite important in
the general dynamics of the region (Hines, 1965).

Hodges (1967) has suggested that the lapse rate associated
with internal gravity waves may become super-adiabatic somewhere in the
lower thermosphere. This would be a possible source of turbulence in a
region where normally stable conditions might be expected. The observed
eddy diffusion coefficients (Colegrove et al., 1966) can be explained using
only this mechanism for the production of turbulence (Hodges , 1969).

2.4 APPLICATION OF THEORIES TO THE MESOSPHERE AND THERMOSPHERE

As yet insufficient temporsl and spatial resolution in the wind field
has been achieved to ensble unarmbiguous identification of turbulence or
gravity wave phenomens. The following chapter (Chapter III) outlines some
of the observations that have been made. The general problem is one of
measuring energy spectra and then deciding whether the speetra can be
deseribed in terms of turbulence or gravity waves or possibly both.

Lindzen (1969) has discussed some of the requirements for the detec-
tion and delineation of gravity waves. In particular Lindzen states that:
"one will need data with time resolution of the order of 20 min .......
vertical resolution of the order of 1 km and horizontal resolution of the
order of 10 - 100 km". No observing system currently being used can meet
both of these requirements but & combination of a meteor-radar system
(time resolution of the order of 15 mins, spatial resolution of the order
of 2 km) with a contaminant release system (spatial resolution of the order
of 50 m, time resolution limited by cost of rocket firing) may prove

extremely useful.
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Some of the characteristic properties of z turbulent regime hawve been
outlined in §2.2. The main properties include a cascade of energy through
eddies of diminishing size and transport of mess, momentum and heat. The
properties of internal gravity waves discussed in §2.3 indicate that, in
prineiple, it should be possible to distinguish between motion due to
these waves and motion due to turbulence. However as the lower thermo-~
sphere is generally stebly stratified there is the possibility of having
the two types of motion intermingled in this region. Some of the diffi-
culties associated with the interpretation of the results to be discussed
in Chapter IIT are due to the insbility to dlstinguish between these two
types of motion when the scales involved are of the same order.

A common difficulty in even 3 preliminary interpretation of the
observations is the lack of sufficient temporal and spatial resolution.
With the observationsl techniques currently available a promising method of
investigation might be an interplay between theory and observation
(Lindzen, 1969). Knowing something of the meen wind snd temperature structw
of the atmosphere it might be possible to predict the nature of the wind
(amplitude end verticel structure) at a given time angheight resulting from
say the transmission of an lnternal gravity wave. A single observation

would then suffice to decide the applicebility of a particular theory.
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CHAPTER TIT

OBSERVATIONS OF TRREGULAR, SMALL SCALE WIND VARTATIONS
IN THE MESOSPEER: AND IOWER THERMOSPHERE

3.1 THE GENERAL WIND FIELD AND OBSERVATIONAL TECHNIQUES

Various experimental techniques for determining the wind field in
the region 70 to 140 km have been outlined in Chapter 1. The importent
techniques for the determination of small scale structure in the wind
field include photographic observation of contaminant release tralls
and radio-meteor studies. Further details of these latter technigues
are glven in following sections.

The wind field determined either by the radio-meteor or contaminant
release technigue can often be described in terms of a superposition of a
aumber of different simple wind patterns. Tor continuous observations
(for exarple by the radio-meteor technique) Fourier analysis is frequently
used to separste the data into various time scales (Elford, 1959; Greenhow
and Neufeld, 1961; Spizzichino, 1968; Doyle, 1968). Observations made
with poor time resolution but good height resolution (for example contami-
nant releases) are usually discussed in terms of the vertical wavelength
of the phenomena (Kochanski, 1964; Rosenberg, 1968; Woodrum and Justus,
1968).

The usual classification scheme distinguishes the following components

(1) the prevailing wind, which is normally presented as the constant

component of the wind but c¢an also include variations with quasi-

periods of many dsys (Doyle, 1968).
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(i1) Cravitational and thermsl tides, principally solar in origin
and with periods of 24 hour, 12 hour, 8 hour ete.
(i) Smezli-secale verietions, which produce a continucus spectrum
of periods varying from a few minutes to & few hours. These have
been variously attributed to turbulence end internal gravity waves.
Observations made with a radio-meteor syvsterm are restricted in that
only the line-of-sight componert of the drift of a meteor trall can be
measured directiy. FHorlzontal wind veloecity components can only be
obtaired by corbining severel line-of-sight observations. The lsrgest
spetial scales that cen be determined are limited either by the bemm
width of the aerial system used (for single station measurements) or by
station geometry (if multi-station meassurements sre pade). The largest
time scales are virtually wnlimited, since contiruous operation is
possible. The minimum time scele is determined by the time required to
obttain a mesningful aversge and this in turn deperds on the echo rate
(see later §3.2.2). The smallest distance over which wind measurements
can be made is determined by the size of the reflecting region (about
TO0 m, see Chapter L)%,

As discussed in Chapter 1 photographic tracking of contaminart release
tralls yields atmospheric wind profiles with good height resolution. If

the time dependent motion of individual features on a trail is also

¥ But see also the discussion in §6.h
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followed then the horizontal and vertical components of the fluctuating
wind cen be determined (Justus, 1966). The maximum temporal and spatial
scales are determined by the duration (10 to 15 minutes) and physieal
dimensions of the contaminant cloud (typically 10 km). The minimum scales
are determined by the time interval between successive photographs and the
resolving power of the optical systems used.

Measurements of the growth rate of contaminant release trails can also
yield useful information sbout small-scale structure of the atmosphere
(Blamont and de Jager, 1961; Blamont, 1963; Justus, 1967a; Rees et al.,
1970). Similarly the rate of diffusion of photographic meteor tralls can
also be used to infer parameters of the small-scale structure (Miliman,
1959).

With the experimental techniques currently avallsble the determination
of small-scale structure in the mesosphere and lower thermosphere has been
limited to observations of the irregular component of the wind field and the
diffusion rate of contaminant relesse tralls. Other meteorological para-
meters such as temperature are not yet availsble with sufficient resolution.
The observations presently available are discussed in the following
sections. Interpretation of these observations will be attempted in the
final section, in which a possible model for the small scales will be intro-

duced.



3.2 RADIO-METECR MEASUREMERTS

3.2.1 Vesgsurements of Wind Shear

Vhen radio reflections from meteor trails were first detected
it was found that the echoes from long enduring tralls exhibited large
amplitude fluctuations. Greenhow (1952b) and Manning (1952). smongst
others, have satisfactorily explained thizs fading in terms of interference
between waves reflected from twe or more reflection polnts, These extra
reflection points occur on a meteor trail due to the distorting effects
of a wind shear. By comparing the observed fading rates with those
expected from verious model wind profiles some information on the nature
of the wind shear can be found. Revsh et al., (1963) and Phillips (1969)
have proposed various models which show reasonable agreement with experi-
mental observations. In particular Revsh and Spizzichino (196%), using
a forward scatter link, have deduced seasonal and height varistions in
the frequency of occurrence of wind shears (maximum in winter and near
100 km). Since the actual values of wind shear determined from this
method depend on the particular model chosen, quantitative measurements
may be unreliable,

The wind shear can b2 determined more directly by measuring
the rate of change in the Doppler frequency as the reflection point moves
along the meteor trail (see §4.3.2 for details of the reflection process).
This technique is most useful for small displacements along the trail
(less than 1 km). Muller (1968), using the Sheffield radio-meteor system,

has determined root mean square radisl velocity differences for specific
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values of reflection point separation. Wigure 3.1 shows the result of
such an analysis over a period of 4.5 hours. The wind shear is slishtly
non-linear since the slope of the best fit straizht line 1s 0.9. Muller
hags further argued that the Doppler frequency will deerease with time if
the meteor trail is moved by a wind with non-linesr shear. However even
with a linear wind profile the Dovrler frequency can increase or decresase
vith time depending on whether the trail is moving towards or away from
the receiving station (Roper, 1966). Thus some of the results presented
Ty Muller must be viewed with cention.

Multi-station cbservations, which enable simultaneous
measurerents of line-of-sight wind velocities at two or more points along
a meteor trall, have been made by Greenhow and Neufeld (1959%) and Roner
(1966). As the orientation of the trall can be found from the time of
commencement of the echoes at each reflection point (see §6.2 for details),
both horlzontal and vertical wind shears can be measured. Deta is generally
vresented in the form of correlation functions or structure functions (as
defined in §2.2).

Greenhow and Neufeld used two additional receiving statioms
with the Jodrell Bank radio-meteor system and were able to measure the
line-of-sight component of the wind st three points on a meteor trail.
Figure 3.2 shows the correlation functions obteined for separations
measured both along the treil and in height. The behaviour of the spatial
separation curve in Figure 3.2(a) can be explained if the fall off in

correlation with horizontal separation is less raspid than with vertieal
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separation. Greenhow and Neufeld deduced that the irregularities bheing
measured had a vertical extent of 6 km and a horizontel extent of the
order of 100 - 200 km.

In an esrlier survey with the Adelaide radio-meteor system,
Roper (1962) ohtained measurements of the wind at three reflection points
along a trall up to a maxdimum separatiorn of 3.5 km. Figure 3.3 and
Figure 3.4 show structure functions for height differences and for distances
measured along the trall for 169 meteors recorded in May 1961, The two
best fit straight lines to this data have different slopes indicsating a
possible anisotronmy. There 13 no significant departure from a linear
trend in these log-log plots up to the limit of measurement asnd hence it
is interesting to extrapolate the best fit straicht lines to the observed
mesn square veloelty fluctuation for &1l the data. This procedure gives
8 km as an estimate of the vertical scale of the irregularities and 150 km
for the horizontal scale. An extreme extrapclation such as this must
obviously be viewed with casution but it is interesting to note that the
velues so obtained are not in disagreement with other independent observa-
tions (Greenhow and Neufeld, 1960:; Justus and Roper, 1968).

3.2.2 Gross Random Fluctuvations

One quite simple observation that can be made with a single
station radio-meteor system is to investigate fluctuations in the wind
over relatively small time intervals (5 - 10 mins) snd in a relatively
small volume. GCreenhow and Neufeld (1960) and Zadorinsa et al., (1967)

have subtracted the prevailing snd 24 and 12 hour periodic components from
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the wind measured at times of high meteor rate. Statistically reliable
estimates of the time constants of the residual wind were obtained by
averaging the results over gseveral recording intervals of U8 hours dura-
tion. The time constants found are sbout 100 min with a r.m.s. velocity
fluctuation of about 25 m/sec so that scales of 100 km - 200 km can be
deduced. It is useful to plot the suto-correlation functions (g) in the
form 1 - g as suggested by Elford and Roper (1967), Figure 3.5 showe the
results of Greenhow and Neufeld,and Zadorina et al., plotted in this form.
The two sets of results are in extremely good agreement which itself is
surprising for a geophysical measurement. The volume of space over which
the wind measurements were made was determined by the beam-width of the
aerial and was similar for both observers (50 km to 150 km along the
horizontal and 20 km vertieally).

Zadorina et el., performed a further experiment to measure
the wind in a much smaller volume (4 km in height and 12 km along the
horizontal) by selecting a time when the echo plane of the Ursid shower
was perpendicular to the direction of the prevailing wind. The results
of this further experiment are also shown on Figure 3.5, the time constant
deduced from this curve is 15 min with a corresponding horizontal seale
of 20 km. At the same time data obtained using the full eerial beam-
width gave a time constant near the 100 min value found previously. These
resulte can be understood if a whole range of scales is assumed to exist
at this height. Then those scales of the order of the dimensions of the

sampling volume will determine the shape of the auto-correlation function.
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It 1s agpperent that some of the coneclusions drawn from this type of
observation must be viewed with caution.

Revah (1969), using the radio-mweteor system at Garchy has
been able to determine the zonsl wind component with an average helght
resolution of * 2 km and an average temporal resolution of 10 mins,
provided that the meteor rate is sufficient.* Vhen these results are
presented in the form of contour diagrams as in Figure 3.6 there is
strong evidence of a dominant semi-diurnal tide with downward phase pro-
gression. During the time interval encompassed by Figure 3.6 the meteor
rate varied from 75 meteors/hour to 18 meteors/hour so that the sapparent
veriation in small scale structure in the diagram is most probadbly due
to this variation in rate.

The aversge suto-correlation function found by Revah for =z
mean height of 103 km for December 1945 is shown in Figure 3.7. The
importance of the semi-diurnel tide is obvious from inspection of Figure
3.7(a). If the semi-diurnsl component is removed from the data and the
auto-correlation fumction recomputed then the results shown in Figure
3.7(b) are obtained. This latter disgram indicates the presence of a
periodic component with & vertical wavelength of 23 km, a period of 2 hours
and a downward phese progression of 10 km/hour. This component is similar

to that found by Greenhow end Neufeld (1959b) and Roper (1966).

¥At least two meteors at each heilght within a 10 min. time interwval.
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As a result of a power spectrum analysis of the Garechy data
Revah (1969) finds evidence for other periodic components which he
attributes to internal gravity waves provagating through the region.
However the components found gll have frequencies clese to harmonics of
the diurnal tide, vertical wavelengths of 4 to 15 km and remain phase
coherent for ahout twe days.® These facts suggest that the waves foumd
are probably genersted in situ due to non-linear effects in the diurnal
tide (Lindzen, 1968). Spizzichino (1962) has suggested an alternative
explangtion in terms of intersction between the dlurnal tide and internal

gravity waves.

3.3 OBSERVATIONS OF CONTAMINANT RELEASE TRATLS

At least two simultaneous photographs from separste sites with
accurately known positions are required to locate the positions of s
contaminant release feature in space. Typical exposure times used are
one to ten seconds. Absolute accuracies of 0.1 to 0.3 km at 127 km are
clsimed, while relative measurements Involving the separation of two points
in a trail may be made with higher precision. The largest souree of
error in position is usually due to a fluctuating background intensity

which makeg the dimensions of the cloud uncertain.

*¥The data was collected and analysed in groups of two or three days.
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3.3.1 Structure Inferred from Wind Measurements

The most obvious features in a photograph of a contaminant
release trail are a very irregular or rough sppearance below about 110 km
and a relatively smooth trall at higher altitudes. The wind profiles
obtained by photographic tracking of a release show irregular variations
below 110 km with a dominating meximum wind speed between 100 km and 120
km. The discussion in this section is centred around the variations in
the motion of the cloud, the following section is mainly concerned with
the development and growth of the could itself.

The resolution in most photographs of contaminant release
trails is such that the smallest identifisble feature on the trail has sa
scale of the order of 500 metres. The wind profiles obtained with this
low resolution photogrsphy are usually considered to be due to the super-
position of three types of motion; & prevailing wind, tidal wind com-
ponents and a residual component which includes internal gravity waves and
turbulence. Because of the limited time resolution avallable due to the
relatively short duration of the trail (10 - 20 mins) these three com-
ponents cannot usually be separsted. However by averaging a large number
of such wind profiles, & number of authors have investigated the stati-
stical properties of these three components [Kochanski (1964), general;
Rosenberg and Justus (1966), tides; Rosenberg (1968a), prevailing and
tides; Roserberg (1968b), residual; Woodrum and Justus (1968a), tides;
Woodrum and Justus (1968b), residual]. In general these studies show that

the average value of the dominant vertical wavelength is 20 km. The



profiles also describe a circular hellx progressing clockwise with
increasing height (for the Northern hemisphere). These facts are con-
sistent with the diwrnal (1,1) mode of the thermsl atmospheric tide
(Lindzen, 196T7). The r.m.s. irreguler wind found is about 50 m/sec with
the r.m.s. wind shear in the range ¢.001 - .02 sec-l'with mexine between
100 and 110 km.

A few workers haye carried out high resolution (scales
> 6 metres) studies of trails and have shown that considersble detailed
informetion can be obtained on the nature of the irregular component in
the wind profiles. Blamont(1963) has computed structure functions for
the winds measured over very small height ranges; Figure 3.8 shows the
structure function computed for a sodium cloud at 95 km. A maximum
appears for & separation around 1 km. In contrast the structure functions
computed from low resolution studies are unable to distinguish any
features at separations of the order of 1 km and generally have maximsa at
vertical separation of € to 8 km. Blamont has suggested that the motion
in the small scale region (of the order of 1 km) is due to isotropic
turbulence with the lasrger scale (of the order of 10 km) wind shears
being a possible energy source.

Further high resolution studies by Blamont and Barat (1967), a
(1968) indicate that at the transition reglon between the rough and smooth
portion of the trail near 110 km a change in the character of the wind
profile also occurs. These authors conclude that the rough nature of the

trail is due to turbulent phenomena. Even in the region below 110 km
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ipdividusl trails scmetimes show an abrupt transition from smooth to
irregular (turbulent) flow at several heights (Blamont and Barat, 1967T;
Rees, 1968),

Another method of studying the small scale structure in a
contaminant release cloud has been developed by Justus (1966). By tracking
individual festures within a cloud or trail he has determined irregular
winds with a resolution of the order of 400 metres.® These irregular
winds can be attributed to turbulence because the structure functions
computed from them have the form expected from turbulence theory (see
§2.2.3).

3.3.2 Diffusion Measurements

In principle the measurement of the growth rate of a contami-
nant relesse cloud or trail is simple and should lead directly to a
measure of the parameters which deseribe the diffusive process. However
in practice a variable background illumination, particularly for experiments
performed st twilight, means that considerable care in measurement is
required if a relisble estimate of the size of a globule or diameter of s
trall is to be made. Further if the cloud is optieally thick, particular
care mist be teken in deciding the position of the edges.

One method of approaching this difficulty is to mske careful
densitometric measurements of the cloud. It is then possible to determine

a parameter such as the Gaussisn half-width (or the effective radius) of

#Fegtures less than 200 metres in size could not he resolved.



the trail which cen be used as a measure of the size of the cloud (Lloyd
and Sheppard, 1966: Colomb and MacLeod, 196€). An example of the varia-
tion of the effective radius of a TMA trail with time after release is
shown in Figure 3.9, these measurements were made from plates taken with
a Baker-Nunn camera wlth exposures of 0.2 sec and a frame rate of 1 per
second. Measurements of effective radius were only made up to a time of
55 seconds after release since the chaotic nature of the trall after this
time made it impossible to determine a meaningful estimate of the effec-
tive radius (Rees et al., 1970). The anomalous high growth rate up to
8 seconds after release can be regarded as the release phase in vwhich the
behaviour is definitely non-ambient. The growth rate between 8 and 32
seconds after release could be due to molecular diffusion but the
insccuracies in the determination of the effective radlus prevent a
relisble estimste of diffusion coefficient being made. At 33 seconds the
trail has begun to break up and growth proceeds as re2 e t3 until the
maximum observing time of 55 seconds. This form of the growth curve is
expected for diffusion in an inertial subrange of a turbulent field.
Other densitometric observations of the growth rate of tralls
st altitudes below 110 km and up to 100 seconds after release show that
laws of turbulent diffusion are usually followed (Blamont and Barat, 1967
and 1968; Golomb and Macleod, 1966; Rees et al., 1970). In addition,
other observations of the growth rate of tralls or globules based on the
observeble diameter of the trail (e.g. Justus, 1966) indicate that the

laws of turbulent diffusion are still obeyed for times much greater than
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100 seconds after release. However detailed interpretation of these latter
results are still in doubt (Zimmerman., 1968). Recent meesurements of the
variation of interglobuler distances with time (Justus, 1969) can also be
Interpreted in terms of turbulent diffusiorn with some degree of success.

Above sbout 120 km the observed growth rates can be satis-
factorily explained using moleculsr diffusion. Although & trail usually
appears smooth ebove 110 km the growth rates at a1l heights up to 120 km
are generally greater then would be expected for molecular diffusion alone.
Below 110 km the observed growth rates are almost invariably greater than
would be expected for molecular diffusion slone and can more readily be
explained using the laws of turbulent diffusion. (Manring et al., 1961;
Zimmermen and Champion, 1963: Blamont and Barst, 1967; Rees, 1968).

In contrast to the discussion above and to the conclusions
of other workers in the field, Manring and Bedinger (1968) and Lsyzer and
Bedinger (1969) claim that the irreguler mppearance snd rapid expansion
of conteminant release trails 18 entirely due to the passage of the
launch vehiele together with chemical heating of the release material by
some unspecified exothermic reaction. This conclusion is based mainly on
their observations of the difference in appesrance between a trall formed
by the residusl chemicals on the down-leg of & rocket flight and that
formed on the up-leg from the same rocket. Fowever other experimenters
using & number of different chemicals and release mechanisms., and with
various photographic systems observing hoth up-trails and dovn-trails

do not support these clalms.
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3.4 SUMMARY OF OBSERVATIONS AYTD A POSSIBLE MODEL OF TRREGULAR WINDS

As Indicated in Chapter IT vertieel motion in the atmosphere can be
affacted by buoyancy forces. In the lower thermosphere where the mean
temperature increases with height, the vertical motlon of a parcel of alr
is inhibited and hence any irregular motion should have a limited vertical
extent.

Structure functions computed for the height range 80 to 100 km from
wind profiles determined by the contaminant release technigue all show
similar behaviour: for helght differences hetween 1 and 5 km the structure
functions have the form of a power lsw with en exronent of sbout 1.4, A
maximum value for the structure function usually occurs near a vertical
separation of 6 km. 3Because of the inhiblting effect of buoyancy forces
at these altitudes it is unrealistic to propose that verticel structure
with scales of this order (a few kilometres) is due to turbulence. Rather
these scales are probasbly the source of energy for smaller scales. Care
should be exercised in drawing any conclusions from the value of the
exponent (1.4) in the power law for the structure function. It is interest-
ing to note that a profile consisting of a single sinusoidal wave would
give similar characteristics to the observed structure functions, in
particular a power law variation with exponent 2 end a maximum determined
by the vertical wavelength. The observations of Greenhow and Heufeld
(1959b) and Roper (1966) of vertical structure using the radio-meteor
technique are consistent with the conclusion that vertical scales of the
order of the scale height are due to some form of "semi-organised” wind

field such ss internal gravity waves or a non-linear tidal regime.
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Vertical sceles less than one kilometre sppear to be part of a
different type of motion (Blamont, i963 ané Blamont and de Jager, 1961).
It is feesible that buoysney forces could cause stratification into
layers with a thickness of the order of one kilometre (vertical motion
being possible within the layers). This concept is consistent with
observations of grenade glow clouds by Rofe (1$61) and Rees (1969) which
show that motion is confined to layers varying in thickness from 500
netres at 90 km to 2 km st 110 km. Motlon within these layers is
apparently turbulent in nature since the diffusion rate is compatible with
this hypothesis.

structure functions computed for horizontal separations follow the
power law

(g) « £2/3

at least up to separations of a few kilometres. This result has been
found by the radio-meteor method (Roper, 1966) for separations up to 3.5
km end by Justus (196T) using chemical clouds. Evidence that this law is
obeyed at much larger horizontsl separations is provided by the treatment
of Elford and Roper (1967) of the auto-correlation function of Greenhow
and Neufeld (1960). However this evidence mist be regsrded with reserva-
tion in view of the discussion on the maximm observable scale in §3.2.2,
Observations of two simultaneous vapour tralls separasted by large hori-
zontal distances (e.g. Justus and Roper, 1968) also indicate that large

scale horizontal structure can exist. It appears in general that the
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horizontal motion with scales up to nany tens of kilometres is charae-
teristic of an inertial turbulent regime even though buoyancy effects
severely restricet vertical motion.

The diffusion rate of grenade glow clouds and chemical trails is
generally much greater than moleculsr diffusion up to heights of 120 km.
This high diffusion rate is considered to be due to turbulent diffusion
in 2n inertial subrange, although as indicated in Table 3.1 some diffi-
culties still remain in the interpretation of the early time behaviour
of & contaminant relesse.

A possible model of the irregular structure in the mesosphere and
lower thermosphere is & turbulent dissipstion mechanism involving a hori-
zontal, inertial cascade of energy through highly anisotropic eddies.

Such a form of turbulence mey be similar to the two-dimensional turbulence
discussed by Krsichnan (1967) for conditions when the foreing funetion is
of limited spectral width. Turbulent lsyers may be due to imstabilities
in the tidsl wind field (Lirndzen, 1968) or to supersdiabatic conditionms

in gravity wave. propagation (Hodges, 1947).

The apparent cessation of turbulence at the "turbopause” at heights
of 105 km to 110 km is most probably due to the very rapid inerease in the
time constant of the Kolmogorov microscale at this level (Rees et al.,
1970). The efficiency of molecular transport increases rapidly above 110
km and near 120 km the contribution by turbulence is insignificant ewen
though the absolute value of turbulent diffusion may be as large as the

value at the turbopsause.



Author(s) Resolution Initisl
Blamont & Barat 2 o
Plamont & Barat r? «t

(1968) Bigh < 50 = (> 8 sec)
Rees et al., (1969)| High < 50 m |Indeterminate
Justus (1966) Low > 200 m 7
Justus (1969) Inter-globular

distence

M A-Time

1‘2 - t3
r? « ¢5
(< 100)
r? «td

r2 « ¢3
(> 100 sec)

d2«t or alet3

TABLE 3.1: Diffusion laws found below 110 km,

S

Late-Time

L ——|

e ¢2
ok

?
trall too
broken

Initial time behaviour applies

up to about 30 secs, mid-time behaviour 30 - 100 secs, and late-

time behaviour > 100 secs.

The distinction is usuelly apparent

in a distinet chanpe of slope in the growth curve.

.ng
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All apparent irregularities in the spatisl and temporal structure of
the wind field sre not due to turbulence. High order modes of the tidel
wind field (Lindzen, 1967) and internsl gravity waves (Hines., 1960) also
contribute to the irregulsr structure. FHowever. ss pointed out in Chapter
IT, there is no technique which can uniquely indentify the wvarious contri-
butions te the irreguler motion. The most promising line of investigation
appears to bte in observations of & passive scalar. Waves are not capable
of transporting a passive scaler whereas turbulence is an extremely
efficient method of transvort.

While a2 turbulent dissipation mechanism will be the ultimate sink
for much of the wave energy in the mesosphere and lower thermosphere. the
transition between turbulent behaviour and weve-like behaviour is not
distinet. Energy can flow between the two types of motion by non-lipear
effecta; turbulence can grow at the expense of the energy in waves by
wave-bregking vhenomens while some turbulent energy can be transformed
into waves in stratified region. Stewart (196¢) and Bretherton (1569)
have recently discussed meny interesting ideas concerned with the possible
distinction between turbulence and waves in stratiflied fluids and which

may be applicable to some of the observations in the lower thermosphere.
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CHAPTER IV

THE REFLECTION OF RADIO WAVES
FROM METEQOR TRATLS

4.1 INTRODUCTION

In order to appreclate the usefulness and limitations of meteor trails
a3 sensors of atmospheric motion, a brief outline of the formation of the
trall and of the reflection process is required. The discussion presented
in this chapter is a somewhat oversimplified view of trail formation and
radio wave reflection processes based on the classical physical theory of
meteors (McKinley, 1961). In the light of new observational data the
classical theory has been questioned during the past few years, however
this theory is adequate for s discussion of meteor trails as wind sensors.
A summary of the processes of formation and decay of the meteor trail is
given in §4.2. A more detalled presentation is glven by McKinley (1961).

In any resl case the distribution of ionisation and 1light along the
meteor trall is not uniform but increases as the meteoroid descends through
the atmosphere reaching s maximum near the end of the life of the meteoroid.
Furthermore the meteoroid msy fragment and produce discontinuities in the
light and ionisation profiles. These effects are not of major importance
in the determination of the velocity of the incoming meteoroid and the

location of the point of closest approach.



4.2 THE FORMATION AND DECAY OF THE TRAIL

As a meteorold enters the earth's atmosphere collisions with air
molecules decresse its forward momentum. The collision processes produce
heating of the meteoroid and when the tempersture is raised sufficiently
stoms of the meteoroid are vspourised from the surface of the parent body.
The ableted atoms move with the veloeity of the meteoroid and hence hawve |
kinetic energies ranging from a few tens to some hundreds of electron
volts. These energles are large compared with the ionisation potentials of
the meteor and air atoms and subsequent collisions between the two produce
a self-luminous ionised columm whose initial diameter iz about 1 metre at
a height of 100 km.

The. decsy of the ionised trail is due to a combination of diffusion,
recombination and attachment. In most cases ambipolar diffusion is the
most important factor. The durati.on of the radio echo depends on the wave-
length of the incident radiation as well as the mechanism of dissipation of
the ionisation.

For the Adelaide Radio Meteor System the minimum detectable meteor has
a line density of thé order of 10:."2 electrons/metre and most echos observed

in the present survey have durations of less than a second.

k.3 SCATTERING OF RADIO WAVES BY METEOR TRAILS

A nurber of workers have treated the problem of radio reflection by
ionised meteor trails (Herlofson (1951); Kaiser and Closs (1952);

Eshleman (1955); Lebedinec and Sosnova (1968)). The reflection coefficient:
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have been deduced by formally reducing the problem to an equivalent electro-
static situation (Kalser and Closs, 1952; Lebedinec and Sosnova, 1968).
The main parameters which determine the magnitude of the reflection coef-
ficients are the eleetron line density ard the polarisation of the incident
wave.

Confusion has existed in radio meteor theory regarding the phase con-
ventions used by various authors. If the wave transmitted from the aerial

is written in the form

the phase angle, ¢(= wt), rotates in en anti-clockwise direction on a phase-
amplitude diagram. This is the common convention in electrical engineering
but opposite to that used in most text-books on opties (e.g. Born and Wolf,
1964) which write the wave in the form

A= Ue—imt

and define the phase angle as increasing in the clockwise direction.
Because phase comparisons are a major concern in a CW system 1t 1as most
important that a consistent method of phase measurement is used. The
electrical engineering convention is used in the following discussion.

4,3,1 Stationary Trail

Consider a meteoroid trajectory as in Figure L.l where P
represents the point of closest approach ©f the meteoroid to the observing
site, 0. Let s be the distance from the speculer point, P, on the trail

(usually termed the to point) to the point M, measured positively in the
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Figure 4.1: The geometry of a meteoroid path relative to an
observing site.



direction of motion of the meteoroid. The wave received from sn element
ds of the trail at the point M travels a total distance 2R and its phase
on reception is wt - UwR/A -~ B where B8 is the phase retardstion on reflec-
tion, w 1s the frequency of the wave and A is the wavelength. Thus the
amplitude of the wave at the receiver can be written as

) A,GA[20

L2

dA

= z(s) exp i(wt ~ WAR/A - R)ds h.1

where g(s) = reflection coefficient for the point M; G = gain of receiving
antenna; p = Input resistance of the receiver; AT = amplitude of the
transmitted wave. Thus when the meteoroid has reached the point M, (a
distance s, along the trail) the amplitude of the signal reflected by the

meteor trail (Kaiser, 1955) is

GX@B St
=AI‘I;—2 J g exp i(wt-m— 8)ds 4.2
mR -

R . A
where the lower limit of the integrsal has been tsken as -» since as
s+- o, dA >0,

r

Assuming that the reflection coefficient varies only slowly
along the trail in the vieinity of the point P and using the approximsation

2
R=R_ + 5—;— then expression 4.2 can be written as
o

Ay = Fy Ve - is) 4.3

where
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y=uwt - R -8.

If the optics convention had been used we would have arrived

at the expression
A =F e“’(c + 18) LY
r r

This point has not been made clear in the past (e.gz. McKinley (1961);
Kaiser (1955)) and can lead to confusion in interpretation of records
ocbtained in the case where a reference signal (for example a ground wave)
is corbined with the signal reflected from the meteor.

In a CW system the transmitter and receiver are usually
separated by a short distance D, (D € R), just large enocugh to reduce the
level of the ground wave below the overload point of the recelvers. Then

2¥D

4 €D iflot - =) Present at the receiving

aerial., Adding the two field vectors and averaging over one radio-

there is an additional field, F

frequency cycle we arrive at the following expression for the power

received from the trail up to the point M;
Preg = F5 [02 +8%] + F2 + 2F.F_ [C cosy - & siny] k.5

vhere | = 2Tr[:2Ro -0/ is the phase advance of the skywave with respect

to the ground wave at the instant of closest approach.



h,3.2 Traill in Presence of a Wind

The discussion in §4.3.1 relies on the assumption that s&ll
segrents of the trail retain their original positions in space after forma-
tion, that is the path differences to each segment of the trail remain
constant. Xaiser (1955) has treated the problem where the path differences
vary with time due to the motion of the trail in a wind.

Mertyn (1953), Clemmow et al. (1955) and Kato (1959) have
shown that a cylindrical irregularity of ionisstion (such as a meteor
trail) will move with the velocity of the neutral air below 120 km.

If there is a line-of-gight wind, v, at the specular reflec-
tion point then the power received from the meteor trail is:

L w2l a2 21 4 w2 4 & -
Beta FRIU + 82| * F2 + QFRFdlc(V) cos (¢ ~ 8)

- 8(V) sin (yp - 8)|, (Kaiser, 1955) 4.6

where
u=u + dufdx=u + u”’
o o

§ = 2u Ro/v .
The varisble V is a measure of distance along the actual trall as diztinct
from the distance s measured along the undisturbed metecrold trajectory

and is given by
2u R
00

v2(2 - §)

2 -39

V=
%
IROA(l ~ 8)]

bt

The angle 9is a measure of the extra phase shift introduced by the wind

and is given by

2
of (2 - 8) 52242 Rs Y
= %t Ao H1- IR, (1-8) " o 40
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The variation in phase due to the terms conteining 6 in (L.6)
gives rise to a doppler beat of frequency f = %%-/ 2m which can be inter-
preted as due to an apparent velocity u of the trall with respect to the

transmitter-receiver system. Thus

Can o %28 202
U= %y o 2(1-3) L(1- S, (xaiser, 1955). k.9

When there is no wind shear (§ = 0), u = u_ and hence the recorded veloclty
u = gf"ﬁl% is equal to the sctual line-of-sight component of the wind.

The form of the signal received from a meteor trail in a wind
field with a typical line-of-sight wvelocity of 50 m/sec and a shear cf
20 m/sec/km is shown in Fisure 4.2 for the case where the sky wave at the
time of closest approach (the to point) leads the ground wave by 90° i.e.
Y = w/2. The rapid variation in signal level before (and after) the tg
point is usually termed the "whistle" owing to the audible descending tone
generated when the output of a receiver is connected to a loudspesker. The
post to whistle is usually difficult to detect owing to the obscuring effect
of the doppler waveform.

The wind ghear u! can be determined by measuring the velocities

u; and uy at times t; and ts respectively and since, in general, & <1 then

from expression 4.9,

5 uy -
u = - m ’4.10

Thus it appears possible to determine the wind shear at a single station
by measuring the doppler frequency. Miller (1968) has used this technique
in a survey conducted at Sheffield during the I.Q.S.Y. However the inabi-

lity to determine the orientation of the trall limits knowledge of the form
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Figure 4.2: Theoretical amplitude - time curves of meteor echoes based on diffraction theory.

The signal strength is plotted against the argument A of the Fresnel integrals
and which is directlv pronortional to time.
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of the trail shear. In particular shears can only be measured over a
limited distance along the trail. Despite these limitastions useful stati-

stical data can be collected as has been shown in §3.2.1.

4.} THE EFFECT OF A WIND ON THE MEASUREMENT OF RELATIVE POSITIONS OF
tg POINTS AND THE VELOCITY OF THE METEOROID

In order to determine the flight path of an incoming meteoroid using
a multi-station system, measurements must be made of the veloclity of the
incoming meteoroid and the times at which the various specular reflection
points are reached. These times are the to points for the echoes received
at each recelving site. For convenience during the appearance of an echo
at eny one of these sites time is ususlly referred to the to point as
origin.

In the sbsence of a wind the meteor trail lies along the flight path
of the meteoroid and hence the positions (in time) of the diffraction
pattern maxima and minima can be related directly to distance along the
flight path. The velocity of the meteoroid can be determined from the time
of occurrence of the maxima and minima of the amplitude fluctustions prior
to the to point.

When a wind moves the meteor trail after formation, the diffraction

2u R

pattern is displaced in time by an amownt -v—z-—o——— (Kaiser, 1955) (the
(2 - 8)

symbols have the same mesning as in §4.3.2) and the time between the

diffraction maxima and minima correspond to an apparent velocity

v, = L v(2 - 8§)(1 - es)‘!5 .
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For & typical cage (u” = * 10 m sec T im L

, v =40 km sec‘l, R = 200 km)
differences of approximetely 5% in determination of the position of to
point and 1% in determination of the velocity can occur. Measurement of the

shear ensbles corrections to be made.

4.5 SUMMARY

In this chapter a brief introduction has been given to the process of
reflection of a radio wave from a meteor trail. The discussion has been
biased in considering only the form of the diffraction signal since this
is the main observational requirement of the system.

Before the meteoroid veloeity can be calculated from an observed
diffraction signal, a knovledge of the phase of the sky wave relative to
the ground wave is required. Mainstone (1960) has developed a technique
for this, utilising the phase information contained in the doppler beat.

When the treil is fully formed the segment of the trall sbout the
specular reflection point is responsible for most of the reflected powver.
This segment is effectively the first Fresnel zone and for the present
gystem is of the order of T00 metres in length. The reflection points
are simply the geometrical mid-points of the first Fresnel zone. In the
presence of a wind shear the reflection points will also move along the
trail. These two effects impose a limit on the minimum useful separation

of refleection points.
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CHAPTER V

THE ADELATDE RADTO-METEOR SYSTEM

5.1 SYSTEM DEVELOPMENT

The basic principles on which the present system is based have been
deseribed by Robertson, Liddy and Elford (1953) in connection with the
first prototype system for measuring meteor drifts. A network of remote
receiving sites was added to the system in 1959 (Weiss and Flford, 1963;
Roper, 1962; Nilsson, 1963) and this network has been further extended
end improved in the years 1967-1969. At present the system consists of
two transmitters (continuous wave and pulse) installed in the Department
of Physics at Adelalde, a receiving and recording station at St. XKilda
(23 km. north of Adelalde) and four remote receiving sites each equipped
with s telemetry link to St. Kilda.

The radlo-meteor system is used for the following studies: -

(1) Measurement of the rate of drift of meteor tralls to determine
diurnal and seasonal variations in the motion of the atmosphere
between T5 and 105 km.

(11) Measurement of the relative motion of three or more segments
of an individual meteor trail in order to investigate small
scale motion of the satmosphere.

(ii1) Routine messurement of the orbits of individual sporadic and

shower meteors down to radioc magnitude + 8.
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(1v) A study of the distribution of ionisation along meteor trails.

The work described in this thesis relates to project (ii). The
basic data required are:

(1) the relative drift velocity of three or more segments of a

single meteor trail;

(11) the relative separation of these segments along the trail and

in height;
(ii1) the absclute height of any one of these segments.

Observaticne et a single site only enable the determination of the
following:

(a) the velocity of the incoming meteoroid,

(b) the position of the reflection point (range and direction),

(¢) the radial component of the drift velocity of the reflection

point,

(d) the variation in the strength of the reflected signal.

With this information only project (1) sbove can be carried out in
full, however a limited amount of informastion regarding project (iv) can
also be obtained. The other studies asbove all depend on a knowledge of
the flight paths of the individual meteorocids. This requires at least
two additional receiving sites.

5.2 MEASUREMENT TECENIQUE

The scattering of radio waves from a meteor trail has been discussed

in Chapter IV. The geometry of the ray paths for a suitably orienteted
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Figure 5.1: Schematic diagram (not to scale) of the site locations and geometry of the Adelaide Radio Meteor
System. The times Ta’ TE’ TM’ TN’ TB refer to the times when the meteoroid passes the specular

reflection points for each site.
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trail that produces echoes at all of the receiving stations is shown in
Figure 5.1. To locate = trail in space the position of the reflection
observed from the St. Kilda station (see §5.2.1) is combined with the
times of commencement of the specular echoes from the other stations (see
§5.2.2).

5.2.1 Location of one Reflection Point and the Determination of the
Line-of-Sight Wind

The direction of arrival of the reflected wave at the St. Kilda
receiving station is found by comparing the phase of the sky-wave at five
close-spaced receiving aseriels. The lsyout of the antenna system at
St. Kilda is shown in Figure 5.2. The antennae are orientated so that the
ground-wave always presents a wave front parallel to the antennae which
-are half-wave dipoles mounted one gquarter-wave zbove ground level. The
dlrections OE and ON define the positive axes of a carteslan coordinate
system and the direction cosines of the sky wave are determined relative
to these axes. An analyslis of phase diagrams for each aerlal shows that
the four pogsible measurements of relative phase are sufficient to
determine unambiguously the direction of arrival of the sky-wave.

The range of the reflection point from the St. Kilda

receiving site is determined by measuring the time difference between
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Figure 5.2: The layout of the antennae used for determining the direction
of arrival of the sky wave. The transmitter is 23 km to the south.
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the arrival of s ground-wave pulse and the sassoclated sky-wave pulse,
meking an sppropriate correction for the separation of the transmitting
and recelving sites.

The drift of the trail is obtained from the meessurement of
the phase shift of the sky-wave relatiwve to the phase of the ground wave
as described in 54.3.2. The sense of trall drift (towards or away from
the receivers) i; determined by using & periodie (50 Hz) saw-tooth phase
modulation of the transmitted continuous wave., The phase is retarded
by 90° in 80 usec and is then restored to zero in 20 msec. Normally this
phase modulation produces no receiver output since conventional half-wave

diode detectors are used. The slow advance of phase is virtually syn-

chronous in the ground and skywaves at the receiving sites, but the rapld
retardation in the ground wave reaches the receivers sbout one millisecond
(for a typical range of 150 km) before the phase retardation in the sky-
wave. Thus "sense splkes” at 20 msec intervals and approximately 1 msec
in duration are produced on the doppler beat waveform. These "spikes"
delineate a phantom traece shifted in phase by 90o with respect to the

main waveform. The sense of the shift (leading or lagging) depends on

whether the trail is advancing or receding from the receiving site.
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5.2.2 Orientation of the Mateoroid Flight Path and the Separation
of Reflection Points

Consideration of the reflection process as a diffraction
problem as in §4.3 indicates that as long as a meteor trail remains
straight then a unique specular reflection point exists for each receiving
t., t,, t

station. The times t shovn on Flgure 5.1 refer to the

G> "E> "M® "N’ tB
times at which the meteorcid passes the specular reflection point for
each receiving site. These times are determined from an analysis of the
diffraction signals at the commencement of the respective echoes. The
veloclty of the incoming meteoroid is foumd from the frequency-time
relationships of the diffraction signals. Thus the spatial separations
of the appropriate reflection points are readily calculated by combining
the meteoroid velccity with the known time differences tG - tE’ tG -tM’

ete. The direction cosines of the meteorcid trajectory are determined by
triangulation using the geometry of the observing system and the separation
of the reflection points slong the trail.

When the transmitting and receiving sltes are separated then
the condition for specular reflection is that the bisector of the angle
between the incident and reflected wave is normal to the trail. Provided
that thls angle is small then the normal to the trail cen be assumed to
bisect the trensmitter-receiver baseline. Using this "mid-point” approxi-
mation it can be shown that the maximum separation of any two reflection
points on the trail is half of the distance between the respective receiving
sites. Thus with the present multi-station system shown in Figure 5.3 the

maximum possible seperation along the trail is about 20 km. Although it
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is useful to assume theat the reflection occurs at a particular point it
must be realised that most of the reflected power is returned from a short
segment of the trall, of the order of one Fresnel zone in length, centred
on the gpecular reflection point. At 27 Mz and for a typical range of
150 km, the length of this segment is approximately 0.7 km. It is this
distance that determines the minimum usable separztion of any two reflec-
tion points on o straight trail. However once the trail has been slightly
deformed, trail lengths of sbout 50 metres csn produce usable reflections
and it is uncertain whether 700 metres represents an sbsolute lower limit
to the separstion.

5.3 DESCRIPTION OF EQUIPMENT

5.3.1 Main Transmitters

The CW transmitter operates on a freguency of 26.773 MHz and
the pulse transmitter on & frequency of 27.540 MEz., Each transmitter
feeds a simple half-wave dipole mounted one gquarter-wave sbove the flat
metal rocf of one of the buildings of the Department of FPhysics at
Adelside. Block disgrams of each transmitter are given in Fizure 5.k,
Further details are glven by Roper (1965).

The output of the CW transmitter is vhase modulated by
retarding the phase of the signal from the crystal oscillator (T43.T kHz)
with a 50 Hz saw-tocth waveform to give a maximum deviation of 2.50. Since
the output frequency of the transmitter is 3¢ times that of the erystal
oscillator the phase devietlon in the output waveform is 900. The useful

power output i1s 1500 watts.
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. Figure 5.4: Block diagram of the radar and CW transmitters.
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The driver end final stages of the pulse transmitter are
modulated with a line type pulser that gensrates 8 usec pulses at a repeti-
tion rate of 200 sec'l, The pulse transmitter delivers pulses with a pesk
power of 5.5 x 1G" watts to the aerial.

£.3.2 27 *Hz Receivers

For optimum operation the receivers used should heve noise
figures of 3db or better so that gelactic noise is the limiting factor in
the deteetion of signals. It is also necessary that the receivers should
handle the large dynamic range of signsls, typically more than 30db. The
bandwidth of the receivers should also be sufficient to permit the "sense
spikes" to e detected without gross distortion of shapes.

The recelvers in use at the main receiving site have noise
figures better than 2db, an oversall bandwidth + 4,0 kHz at the 3db points
and have a linear response uwp to an input of 3C uV with s smooth overload
up to 55 uV input. The receivers at each of the remote stations were
supplied by a contractor to the author's specificstions. In the interests
of reliability these receivers are of zll sclid-stste construction. The
receiver bandwidth is * 3.0 kHz set by a mechanical filter, the noise
figure lies between 2.83b - 3.4db. The linearity of these outstation
receivers was not as good as those at the main stastion, overload oeccurs
at 25 uV input despite modifications to the I.F. stages.

For a typical receiver bandwidth of * 3 kFz tke galactic back-

IS
’'d

ground noise power at 27 iz is approximately 3 x 10 ~~ watts. For the

Adelaide Radio Meteor System the total power collected by a half-wave
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dipole one quarter-wave sbove ground from a trail with an electron line

ko q2 watts.

density of q eleectrons n L is given by Pp =6 x 10
This is the total power available to beat with the ground
wave to produce the body doppler. However at eny instant prior to the
meteoroid passing the specular reflection point the power is much less
than this as can be seen by inspection of Figure 4.2. For a meteor trail
with & line density of 10!3 electrons/m, Py = 6 x 10" vatts end it is
only when the meteoroid has reached the sixth or seventh Fresnel zone
that the power reflected from the trail is twice the background noise.
Thus a trail witk a line density of 1013 electrons/m represents a lower

limit to the detectlon of the diffraction pattemrn.

5.3.3 The Outstations and Telemetry Links

A block diagram of the equipment installed at each out-
station is shown in Figure 5.5. The 2T MHz receiving aerial is a half-
wave dipole mounted one gquarter wavelength ebove ground level and is
connected to a low noise superheterodyne receiver. In order to calibrate
the system gain automatically, a signal of a known voltage (10 uV) from a
crystal controlled oscillator (26.773 MHz) is applied to the input termi-
nals of the recelver once per hour.

When no meteor echo is present the output from the detector
of the 27 MHz receiver is a D.C. voltage (approximately 1 volt) repre-
senting the amplitude of the ground wave. In order to trensmit this
information back to the main recording station an audio frequency sub-

carrier is genersated by chopping this voltage level to ground potential.
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Figure 5.5: Block diegrem of the equipment installed at each outstation.
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After passing the chopped signel through a simple band-pass filter the
gub-carrier is used to frequency modulate the telemetry transmitter. For
a meteor line density of 1013 electrons/metre the aiffraction signal
represents an effective modulation of the sub-carrier of some 2% - 3%.

Because of the small deviation (* 5 kHz) now allowed in the
160 MHEz band, the telemetry receiver noise is sufficiently large to repre-
gsent an equivalent modulation of the sub-carrier of about 2%, If the
slgnal +to noise ratio 1s not to be degraded by the noise generated in the
telemetry link, the diffraction signal should be amplified prior to trans-
mission. Because of the dynamlc range involved in the signals at the
output of the receiver, the diffraction signal (commonly termed "the
whistle") is amplified by a frequency selective network which boosts
frequencies between 30 Hz and 600 Hz (the components of the "whistle").
The filter network used is shown in Figure 5.6 together with the amplitude
response.

Each of the four outstations 1s completely self-contained and
runs wnattended except for routine maintenance and calibration. The actual
method of housing an individual outstation varies with the site. The
two closest outstations (Sheedys and Direk) are enclosed in the same
steel tanks burlied in the ground as were used in a previous survey (Roper,
1962). However improvements have been made to each for further protection
against the weather and vandalism. All aerisl connections are now encased
in epoxy-resin and all other connections are fully enclosed (Figure 5.7).
In an attempt to reduce the temperature variation within the tanks a false

114 painted gloss white has been sdded.



? +12V

100K 100K
220pf ==0-09%4
- o .
200K ar;r.lim,.' , ‘I
O g A £ 1 i l.‘_. O SNES (SNTETREE (RECENE D
I ,_.-_,.S_‘ '.-;2,.‘}'3 v HeH —0
—— PN — ,;\NJ L.j;,, M N .
100K UK S U L |
0053 == 22 _ §7-1K
‘lf 22015

GAIN 0B

oL - | =2 |

L | | A ]
1% 30 60 G0 150 300 00 1560
FREQUENCY (HERTZ)

. Figure 5.6: Filter (and response function) used to boost the whistle
waveform before transmission over the telemetry link.
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Schematic diagram of the method of construction
at the Direk and Sheedys outstation sites.
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The medium and long distance outstations (Ruckland Park and
GClenthorne) are not subject to the same threat of vandalism as the others
and hence different methods of housing the equipment were adopted. At
Buckland Park the aerial cables are brought into the main hut used for
other experiments in progress at this site, whereas st GClenthorne the
equipment 1s housed under the link transmitting tower itself.

Cormerclal FM transmitters and receivers are used in the
telemetry system. Modifications have been made to both units to sult
the requirements of the meteor system. The audio stages of both the
transmitters and receivers have been modified to obtain a uniform
frequency response up to 4.2 kHz, hence improving the overall linearity
of the system. The final RF stage of the transmitters has been modified
to allow continuous operation st 5 - 10 watts output power.

Four element Yagi antennae are used for telemetry. The front
to side rejection ratio of these aerials is 36db. Because the link paths
for Sheedys and Direk are at right angles this ensbles a common frequency
of 167.02 MEz to be used at these stations. The signal strergth of the
undesired signal i1s sufficiently small that the limiter in the ™M receiver
only operates for the much stronger desired signal. The other palr of
outstations, Buckland Park and Glenthorne share the 162.34 MHz frequency
allocation. However because these stations are approximately on the same
line (see Figure 5.3) the necessary attenustion of the unwanted signal is
sccomplished by using different polarisations for the two link paths as
well as relying upon the front to back rejection ratio of the receiving

antenna.
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Volce communication is also possible between each outstation
and the main recording station using a mobile VHF radio-telephone. The
state of each telemetry link is monitored by displaying the strength of the
received ™M signal (the signal level at the first limiter) on panel
mounted meters at the main station.

The main parsmeters of the telemetry systen are given/fn

Table 5.1 below.

Height

Telemet Frequen Sub-Carrier e

Link Ty (ﬁHz)cy Polarisation Frequency (kHz) Aerial

- Above Ground

(Feet)
Buckland Park | 162.34 Horizontal 2.0 35
Sheedys 167.02 Horizontal 2.0 10
Direk 167.02 Horizontal 3.5 10
Glenthorne 162 ,3k Vertical 3.5 35

TABLE 5.1 PARAMETERS OF TELEMETRY SYSTEM

5.3.4 Recording
At the msin station (St. Kilda) the signals telemetred from

the outstations are fed through band pass filters (+ 600 Hz at the 3db
points) centred on the particular sub~carrier frequency for the link
concerned. These band pass filters improve the signal to nolse ratio
at the output of the telemetry receivers. The output of one of the

27 MHz receivers at the main station is also chopped and filtered.
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Hence at this stage information from the five receiving sites is carried
on five separate sub-carriers as follows:

2 kHz, ©Sheedys and Buckland Park

3.5 kHz, S%. Kilds, Direk and Glenthorne.

Three independent displey systems are used to record the data o
35 mm film. One display system (the mean wind recording system) is used
to record the direction of arrival and range of the echo received gt the
St. Kilda site. This display is used for routine wind measurements which
do not require signals from sny other receiving site. The other two
display systems (the wind shear and velocity displays) are required to
record the echo waveforms received at each receiving site.

The mean wind and wind shear recording systems use a slow
speed camera (0.38 ins/sec) as only the low frequency (0.5 Hz - 20 Hz),
large amplitude doppler beat waveforms need be recorded. However the
high frequency (30 Hz -. 300 Hz), small emplitude, generally shorter
duration "whistle" waveform requires a higher camera speed. In order to
use the srailable film efficiently the "whistle" waveforms from all receiving
sites are recorded using a high speed (1.9 ins/sec) camera. Figure 5.8
illustrates how the five sub-carriers are distributed to the wvelocity
and shear recording equipment via the channel distribution unit. This
dlagram also shows the manner in which the mean wind recording equipment
is operated.

The film drive mechanism of each of the cameras is coupled

to the motor through a magnetic clutch. The delay between activating
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the clutch and the film reaching constant speed is 20 m sec. These
clutches are only operated when the 'sequence umit' shown in Figure 5.8
senses that the output of one of the receivers associated with the mean
wind equipment varies sbout its mean level by more than a preset amount.
The 'cluteh pulse' generated by this event 1s used to start the recording
sequence in each of the display systems.

To assist in the correlation of the films obtained from the
three csmeras a six diglt cowmter 1s installed in each display. Whenever
a recording sequence is initiated all counters are incremented and sub-
sequently illuminated by an electronic flash to record the number on the
fi1m. A clock face mgy also be illuminated so that the time of occurrence
of the recorded signal 1is known.

(1) wWind Shear Recording Equipment

The signals from the channel distribution unit are
amplified before being demodulated and flltered to remove the
sub-carrier component, The demodulator used is a balanced
ring type with excellent linearity over the output range
0 - 20 V. The low pase filter used has an upper cut-off
frequency of 1 kHz to allow the "sense spikes" of approxi-
mately 1 m sec duration to be recorded.

The outputs from the demodulator unit consist of DC
levels representing the ground wave amplitude at the out-
stations plus the sigmel due to any meteor echo which might

be present. These voltages are monitored on five panel
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mounted meters and are applied to the vertical deflec-
tion plates of three double beam Telefumken ogeilliscope
tubes by DC amplifiers. These amplifiers sre basically
di fferentlial pairs with constant current sources in the
emitter circuit; variation of the amount of current feed-
back between the two halves of the circult controls the gain.

While every attempt has been made to preserve & reason-
gble degree cf linearity in the system, regular overall arpli-
tude calibrations are performed to determine any departures
from the ideel linear caese. Corrections are applied when
necessary in the final deta reduction. Vith the advent of
modern fast computing methods regular calibration can over-
come most of the difficulties assoclated with non-linear
equipment. The system has not been calibrated for phase as a
whole, but the ﬁhase variations in each item of equipment have
been checked to ensure that gross phase delays do not occur
over the frequency range of interest.

The recording sequence initlated when a 'elutch pulse!
is detected is as follows;

(a) the oscilliscope tubes are brightened and the camera

clutch is engaged,

(b) the recording continues for a predetermined time

which can be adjusted between the limits 0.5 see to 10 sec
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(¢) after the recording irnterval the six diglt counter
is incremented, the clutch disengaged and the electronie
flash i11luminates the counter,
(&) the clock fece is illuminated by another electronie
flagh and the oscillisceope tubes darkened ready for the
next echo.
The normal recording interval is sbout 1.5 secs, however
occasionally longer intervals sre used when long enduring
echoeg are to be recorded.

(11) Velocity Recording

Formally the recording sequence aescriﬁed in the previous
section is initisted by the large arplitude body doppler
signal from a reteor {(or interference, e.g. from sircraft)
because the preset level referred to in the sbove ig
normally chosen to be 207 - 50% of the mean signel. 8ince
the post to A ffraction signal iz normally obscured by the
doppler waveform (see §4.3), 1t 1s necessary to record the
di ffraction waveforn (whistle) occurring before the to point.
This could be done either by running the film continuously,
an uneconomic procedure, or else by using some form of
memory device and record only the pre- t, "whistle". 1In
the present system a tape loop in a multi-channel teape

recorder is used as a tewporary storage medfium.
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Information from the five receiving sites is continuously
recorded on the tape loop which moves at 30 ins/sec. The
length of the loop is such that the delay between recording
and subsequent playback is 2.3 seconds. A timing diagram
which shows the order of events is given in Figure 5.9. When
the mean wind equipment is triggered at time t1 then the
recording sequence for the velocity camera is initiated at
tl + 1.5 secs. Thus recording of the whistle has already
begun 0.6 secs before the signal. which initiated the whole
sequence 1is recorded at tl + 2.3 seec.

A block diagram of the tape delay system 1s showm in
Figure 5.10. The outputs from each of the four telemetry
receivers plus the chopped and filtered version of the out-
put from the main station receiver are first demodulated with
a standard diode ring network and then filtered with an
active low pass network (1 kHz cut off frequency) followed by
a notch filter centred on the sub-carrier freguency. The
demodulated signals, whose frequencies range from 0.1 Bz to
600 Hz, each control the frequency of en oscillator (mean
frequency 10 kHz). The linearity of these oscillators is
excellent over the large frequency range used (5 kHz to 20 kHz]
The signals from each channel (now in frequency modulated

form) are recorded on five tracks equally spaced across the

one inch mesgnetic tape used. The masgnetic heads have been
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aligned so that the timing errors (< 200 usec) between the
two most widely separated tracks are much smaller than the
timing accuracy required in the messurements (+ 2 m see).

On replgy the modulated signais are amplified by con-
ventional playback amplifiers and fed Into a zero-crossing
detector. The width of the pulsges at the output of this
detector is set to half of the period of the undeviated
carrier. The position of these pulses in time depends on
the original mogdulating signal. The pulse train is passed
through a low pess active filter with a 1 kHz cut-off
frequency. The output from this filter is of the same form
as the original signal at the input to the voltege controlled
oscillator. The signals are finally displayed on three
oscilliscope tubes.

The Shackman camera used for this display has been
modified to give & film speed of 1.9 ins/sec. In all other
respects this camera is identicel to those used in the wind
shear and mesn wind recording systems. The recording
sequence is slightly different to the wind shear sequence
because of the delasy due to the tape loop. The 'clutch pulse!
causes illumination of the clock face during the 1.5 see
delay period before the oscilliscope tubes are brightened and

the camera clutch engaged.
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The purpose of the tape delay unit is to aet merely as
a temporary store for the signals which originally appeared
at the output of the 27 MHz recelvers; +thus the signal to
noise ratioc at the dlsplay stage ideally should be as good
as the signal to noise ratio at the lnput to any of the |
receivers. In the case of the receiver at the main station
this is essentially achieved: however the signal to noise
ratio for the other stations 1s degraded by the link tele-
metry system. TFor the remote stations, reasonable records
of the "whistle” are possible for trails ebove a limiting
electron line density of sbout 5 x 1013 electrons/metre.

The main frequencies of interest with the welocity
recording equipment are between about 20 Hz and 150 Hz.*
Over this frequency range the equipment has a linear ampli-
tude response to within 5%: the phase variation over this
frequency range is less than 200, The dynamic range is
restricted and only covers some 16 db so that elipping of the
later parts of the whistle waveform can occur for the larger

echoes.

*The upper limit is set by the method of date reduction. A maxirum
of nine full cycles of the whistle are used in the determination of the

velocity of the meteoroid.
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(i41) Mean Wind Recording

Signels from the three principal direction finding
serials (numbered 1, 2, 3 in Figure 5.2) are switched
ssymetrically between two receivers. Their outputs are
displayed on a double beam oscilliscope tube and hence
appear as "light"” and "dark” traces on the film. The
supplementary direction finding aerials 4 and 5 are con-
nected to the two doppler receivers and the outputs dis-
played on snother double beam osecilliscope tube as shown
in the block diagram (Figure 5.8). One of these doppler
receivers 1s also used to sense the occurrence of a meteor
echo as described earlier.

The renge of the reflection point is recorded using a
conventionsl intensity modulated A-scan display. A wide
band receiver (150 kHz) is connected to a sixth dipole and
its output intensity modulates another osecilliscope tube
in the display. The time base and range marker generator is
triggered by the output of ean additional wide band receiver
connected to_ a horizontal three element Yagi arrsy beamed
on Adelaide. This ensures that the timebase is always
triggered on the ground wave pulse even when the sky wave
amplitude (as received on a dipole) exceeds the groundwave

level.
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The recording sequence is almost identical to that used
in the wind shear recording equipment. For a short interval
towards the end of the sequence the input to the displsy is
swvitched to ground. This ensables corrections for trace
alignment to be made during film reading as well as indica~

ting any changes in signal levels.

5.4 FILM RECORDS

The film records from the veloeity display (a), the shear display (b)
and mean wind display (¢) are shown in Figure 5.11. The traces (reading
from top to bottom) in Figure 5.11(a) and (b) are Buckland Park, Sheedys,
St. Kilda, Direk, Spare (normally St. Kilda repeated) and Glenthorme. The
whistle patterns of Figure 5.11(a) show that this echo was received in
the order Direk, St. Kilda, Sheedys, Buckland Park. The time scale is
indicated by the sense spikes which are quite evident particularly during
the doppler beat waveforms. These spikes (0.02 sec apart) have been con-
giderably distorted (unfortunately) by the various filter networks used
in the link telemetry and tape recording process.

The record of Fig. 5.11(b) shows the presence of wind sheasr. The
initial whistle does not appear, since it precedes the main echo which
triggers the camera. The line of sight drifts are (from top to bottom)

88 metres/sec at Buckland Park
- 85 metres/sec at Sheedys

- 90 metres/sec at St. Kilda

93 metres/sec at Direk

metres/sec at Glenthorne (no echo present).
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Figure 5.11: Films from; (a) velocity display showing whistles, (b).-mean wind display
showing doppler waveforms at each outstation, (c¢) wind display.
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The lower trace shows the variation in the amplitude of the echo received
by the radar receiver.

Before the meteor velocity and separation distsnces can be determined
from Fig. 5.11(a), a knowledge of the range and direction cosines of at
least one reflection point are required. This information is contained
in Fig. 5.11(c), the echo received on the main station (St. Kilda)
equipment. The upper trace 1s a conventional radar scan, the equispaced
dotted horizontal lines being range markers (20 km intervals). The slant
range at 150 km is clearly visible. The next two traces are the outputs
of the two "doppler" receivers. The "sense spikes" on the trace caused
by the phase modulation of the transmitter are plainly visible. Since
the wave traced out by these spikes lags the doppler beat, the trall drift
is towards the observer. The lowest four traces show the relative phase
at the three D.F. serials. These three serials are switched asymmetri-
cally between two receivers, the upper brighter trace and the lower
lighter trace are both derived from the same serial (aerial 2 in Fig. 5.2).
The presence of this extra trace simplifies film reading and helps correct
for any small mis-alignment of the camera and oscilliscope in the display.

Local time 1s recorded by the clock in the orbit display and also
separate clocks in each of the other displays. Individual echoes are

correlated by means of the electronically flashed counters.



5.5 SUMMARY OF SYSTEM PARAMETERS

For ease of reference a complete get of specifications for the

Adelaide Radio-Meteor System is given below:

Location: 35° 43 5, 138° 35 =

Main Transmitters
(a) cC.W.

(b) Pulse

Main Recelving Station

Qutstations
(4 ore)

Frequency: 26.773 Miz
Power at antenna: 1500 watts

Moduvlation: phase - retarded linearly by
90° in 80 psec and restored
t0 zero in 20 msec

Antenna: half-wave dipole, A/4 sbove ground

Frequency: 27.540 MHz

Power at antenna: 65 x 103 watts

Pulse width: 8 psec

Repetition rate: 200 sec-l

Antenna: half-wave dipole, A/4 above growmd

Receiver Bandwidth: Doppler and DF - T kHz
Noige figure: < 2 db
Dynamic range: 34 ab

Receiver Bandwidth (Radar): 150 kHz

Antenna: half-wave dipoles, A/4 sbove growmd

27 MHz Receiver BRandwidth: 6 kHz
Nolse figure: < 3 d
Antenna: half-wave dipole, A/4 sbove ground
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Telemetry Links

(4 off) Frequency: 167.02 MHz
or 162.34 MHz

Power: 15 watts max

Devistion: 5 kHz

Sub-carriers: 2 kHz and 3.5 kHz
Antenna: four element Yagis.

The system accepts meteor echoes from all azimuths and from elevations

within 60° of the zenith. For detalls of meteor rate and system sccu-

racy see later (Chspter VI).



CHAPTER VI

METHODS OF DATA REDUCTION

6.1 FILM READING

The large number of echoes recorded by a radio-meteor system presents
a problem in data handling which can only be solved satisfactorily with
the aid of a large digital computer. All of the information obtained by
the Adelside Radio-Meteor System is recorded on film and hence must be
digitised. If the film 1s to be read and the data punched onto cards
within a reasonable time some form of semi-automatic facility is required.
The wind and shear films were read on a speclially designed film-reader
(Stone, 1966) which converted the information on the film to digital
form and punched this informastion on computer cards. The velocity films
required better resolution and were read on a Telereader at the Veapons
Research Establishment, Salisbury. Temporal calibration of the records
was possible using the "sense spikes” which appear on all of the film
records. These spikes are locked to the mains frequency so that,on the
average, five spikes are equiwvalent to 100 msec.

The selection of suitsble records for reduction and subsequent
detailed film-reading were long and tedious tasks. The overall sequence
of operations, all involving time measurement only, is deseribed below:

(i) The films from the mean wind display were read in the standard

manner to produce the line-of-sight component of the wind and
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direction cosines of the reflection point. In order for

an echo to be acceptable at least one cycle of doppler beat
had to be present so that the phase differences could be read
uwniquely.

(i1) The films from the veloeity display were read if there was a
usable whistle from st least three stations, and the wind
f1ilm had been read for that echo. A note was taken of any
other usable echoes for which there was no wind information.

(11i) The shear film was read for the line-of-sight motion at all
the reflection points.

(iv) Those echoes which had been noted in stage (ii) as having
usable whistles were re-read for wind information where
practicable.

Quite early in the digitising stage it was reslised that the reasoms
for neglecting an echo at stage (i) sbove severely restricted the number
of echoes thet could be read in stage (ii). Short duration echoes were
often excluded at stage (i) even thpugh whistle waveforms were readsble.
Because of a varisble signal to noise ratio in the telemetry system a
severe selection effect was also placed on the usable echo rate. At
least four cycles of the diffraction waveform at three receiving sites
wererequired for the echo to be considered acceptable and hence many

small amplitude echoes had to be rejected.
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6.2 DETERMINATION OF REFLECTIQON POINT SEPARATION

As discussed in § k4.4 the velocity of the incoming meteoroid may
be determined from the diffraction waveform. In the case of a CW system
the analysis is made more complicated by the presence of a ground wave
vector which remains stationary while the skywave vector rotates slowly
due to the presence of a wind. The phase sngle of the reflected sky-
wave relative to the direct growmd wave can vary greaetly over the dif-
fraction pattern depending as it does on the rate of drift cof the trail.
However this varistion in vhase sngle can be found from the Doppler
beat between the ground wave and the skywave and hence can he extra-
polated back into the diffraction waveform as described by Mainstone (1960

The diffraction waveforms observed prior to the specular reflection
point would be expected to follow theoretical predictions reasonably
closely since distortion of the trail by wind shear and diffusion are
only small effects at this early stage in the life of the trail. The
velocity of the meteor is found by determining the one to one corres—
pondence between points on the echo waveform and or the theoretical Cornu
spiral. In practice only the maxima and minima of the signal are used
since these points are most easily identified in the presence of noise.
With the notation of equation 4.3 the position of a particular point on
the Cornu spiral is defined by the value of x. x being negative prior to
the to point. To determine the value of x for a particular diffraction
maximm or minimm it is only necesssary to know the order of the Fresnel

zone corresponding to that point (by counting the number of maxima or
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minima between the point and the to point) and the value of the phase
angle, ¥, over the spirsl.

Provided that the phase of the skywave at the to point, wo’ is
known then 2 plot of the set of points (x,, Ti)’ where 'I‘i is the time of
ocecurrence of g particular maxims or minima, should lie salong a straight
line the slope of which is proportionsl to the velocity of the meteoroid
and the intercept TO is the time at which the specular reflection point
is reached.

The method of anelysis used on the records obtained is based on
that proposed by Nilsson (1962). An estimate of the value of wo is made
by inspection of the record. This wvalue 1s used ss a datum in caleulating
the expected position, x, of the various mexima and mivima (allowing for
the varying ohase of the skywave due to the wind). If ¢° is in error
then the best fit curve to the wvalue of x ggalnst time of occurrence T
1s no longer a straight line but a curve which spproaches a stralght line
for large values of x. Figure 5.1 illustrates this for one particular
echo.

Inspection of eguastion (4.6) indicates that the positions of the
first few maxima and minima on the theoretical spiral are very sengitive
to the value of wo used, vhereas, as can be seen in Figure 5.1, little
change occurs for later maxima and minima. This fact suggests an
iterative procedure to determine the best wvalue of wo. A computer
program has been devised which compares the slope of the best fit straight

line to the first three data points with the best fit straight line to
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the remeining points. The estimate of wo is then varied in discrete
steps until the two slopes agree to within specified error limits. This
value of wo is accepted as the best estimate. The corresponding slope,
V, of the best fit straight line to all the data voints is used as a
measure of the meteoroid velocity for the particular outstation record
concerned, while the corresponding intercept To locates the position of
the specular reflection point in time.

If the discrepancy between the slopes computed for each of the out-
station records (normally four) is larger than 10% of the mean then the
data for that particular meteor echo is considered of doubtful reliability.
Often such discrepancies are due to excessive amounts of scatter in the
positions of the first few data points. A mean slope for a particular
echo is determined by welghting the slope determined for each record by
the number of diffraction maxima and minima used. The welocity of the
incoming meteoroid can then be determined from this mean slope since
the range of one reflection point is known. Time differences between the
specular reflection voints for the various receiving sites are determined
using one particular ''sense spike” as a time reference.

The separation of the reflection points along the trail is given by,
S5, =v(t, ~t,), i=121,2,b5

where v is the veloeity of the meteoroid and the ti are the times of

arrival of the meteor at each reflection point using the time of arrival

at 5t. Xilda, t3, as a reference. These reflection point spacings depend
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on the ground geometry and the direction cosines of the trail. The
direction cosines of the trail can be determined using the solutions
given by Wilsson (1954) for three reflection points. Usually four
reflection polnts were used and the extra redundancy ensbled a “best

fit" set of trail direction cosines to be determined by allowing the mean
veloclty and values of ti to be varied within prescribed limits.

A combination of the velocity of the meteoroid and the direction
cosines of the trail msake it possible to determine the elements of the
orbit of the meteoroid. In fact this method is being used to determine
southern hemisphere meteor streams using the data collected in the
current survey.

6.3 DATA STATISTICS

The religbility of the wind and sheer measurements made with a radio
meteor system can only be assessed if the distribution of meteors in
helght and time is known. Any changes or variastions in either of these
distributions may influence the accuracy of the results.

Because of the large amount of time required for data reduction
the equipment in Chapter V has only been operated for five to seven days
each month. The multi-station equipment was operated from December 1968
to June 1569 and agsin in October 196G, although the mean wind equip-
ment in its present form has been in regular monthly operstion since

June 1964.
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Some 22,000 feet of film was exposed during the multi-station
survey. About 50% of this film was used in the fast recording camera of
the velocity display system (described in §5.3.%). ‘e total number of
meteor echoes recorded over the main period of interest was about
50,000 of which approximately 17,000 were useful for wind measurements.
Table 6.1 shows the percentage of echoes relected for the categories
listed. Only about 1400 echoes were useful for shear determination, the

main limitetion being the requirement of ussble diffrsction waveforms.

Type of Echo Percentage Rejected
Decay too rapid 3k
Distorted waveform 17
Amplitude too smsgll 10

Doppler freguency too small
Inconsistent phase

Range inderterminable
Amplitude too big

H B e

TABLE 6.1: PERCENTAGE OF ECHOES REJECTED FOR WIND
MEASUREMENT. DATA SAMPLE USED CONTAINED
2520 ECHOES

Because of the difference 1n numbers., the statistics for the mean
wind determination will be presented separately from those relating to
shear determination. Table 6.2 shows the total number of useful echoes
recorded on each of the days in the period December 1968 to October 1969.

The rates given do not represent the true influx of meteoroids sinece no



Month Dates No. on Each Day

Dec. 1968 | 10 - 16th 90 246 [226 | 243 | 323 | 239 | 169
Jan. 1969 | 20th - 25th | 188 | 420 [LoT | 250 | 330 | 25k

Feb. 10th - 17th [ 280 | 300 | 355 | bh8 | 50k | b52 | 342 | 333
Mar. 18th - 23rd | 439 | 287 | 408 [ b71 | 601 | 43k
Apr. 1hth - 19th | 218 [ 459 | 359 | 195 | 406 | 343

May 12th - 18th | 336 | 323 | k1o | 364 | 29L | 241 | 262
June 8th - 1hkth | 389 | 298 | 308 | L84 | 473 | k32 | UES
July 20th -~ 26th | 181 | 557 | 561 | 569 | 516 | 688 | 269
Aug. 10th - 16th | 138 | 619 | 627 | 569 | 570 | 6Tk | 219
Sevt. 15th - 22nd | 205 | 271 (1L | 192 | 88 | 262 | 18k | 237
Oct. 5th - 9th | 203 | 481 | 340 | 9L | 362
1 15th - 19th | 167 | T4 [ 782 | TT1 | 655
TARLE €.2: THE WUMBER OF USABLE METEORS RECORDED ON EACH DAY OF

OPERATION OVER THE PERIOD DECEMBER 1968 TO OCTOBER 1969
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allovance is made for variations ir the sensitivity of the system. In
particular during some days severe forms of interference were encountered
which substantially depressed the number of useful records.

The diurnal variation in meteor rate is plotted in Figure £.2 which
shows the total number of ussble echoes recorded during a ziven hour of
loczl time for the period Decerber 1248 to June 1969. The total nuzher
of hours during which the equipment was opersting is also shown., The
ratio of the maximum st 0600 hours local time to the minimum at 1800 hours
local time is sbout 5. This diurnal varistion in meteor rate is due to
the passage of the earth through the backgromd of sporedic meteors. The
durnal variation in the rate of meteors used in wind shear determination
is also shown in Figure 6.2. The number of multi-station echoes has been
multiplied by ten before being plotted so thet a comparison ecan easily
be made between the two curves. The difference in the shape of the two
curves is due t0 the influence of interference on the multi-station
equipment.

Two types of interference were encountered, local man-made impulsive
interference and interference due to ionospheric affects. The irpulsive
form of interference caused the main receiving equipment to trigger
randoriy end éduring the recording cycle which followed the diffraction
waveforms from genulne echoes were often lost. The worst forrs of
interference weredue to the presence of signals from an illegal trans-
mitter opereting in Indonesia and slso to ground backsecatter of some CW

transmitter power via the ionosphere. Because of the long range involved
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in this latter case the “sense spikes” for the return signal were quite
wide (5 - 10 msec) and of significant amplitude (10-20%) compared with
the ground wave signal strength. When sucah a signal was vresent together
with & reflacted signal from a meteor trail considerable confusion could
result particulsrly for the whistle waveform. This backscetier vhenomena
hes occurred in the past near the meximum of the solar zumspot cycle®.
The variation in height of the reflection points for the usable
meteors recorded over the inmterval December 1968 to June 1969 is shown
in Figure 6.3. The mean height for these meteors (= total of 1T7152) is
89.3 km compared with the mean height of 90.2 ¥m for 21l meteors recorded
over the period 1$65-1968. The distribtution in height of the meteors
used for wind shear determinsation is slightly different and is shown in
Figure 6.4, the mean helght being 92 km. The slight difference in the
height distributions provably reflects the selection effects in the data
reduction process which tends to emphasise the numher of over-dence
gchoes. The latter type of echo 1z of longer durabtion and thus more
likely then an under-dense echo to ha&e the rzguirva number of cycles in
the diffraction waveform. Thus the distribution of echoes from the
rulti-station network would tend to be shifted to greater altitudes reflee
ting the largsar number of over-dense meteors.

5.4 DETERNIVATION OF THEE VEAY WIND

"he basic data availsble Prom the S5t. Kilda receiving site for o

single meteor echo is:

* The Adelaide Radio-leteor System was inoperative from 1955-1958 due
mainly to this effect.
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(i) The direction cosines (1, m, n) of the specular reflection
point (error + 0.02)

(ii) +the height of the reflection point (+ 2 km)

(1i1) the line~of-sight component of the trail drift (+ 3%)

(1v) the time (local civil) when the echo was recorded (to the

nearest 15 mins).

The horizontal wind at a particular height and time can be deter-
mined, in principle, if two line-of-sight velocities are measured simil-
teneously at the point concerned. This is rarely possible with the large
beam-width used in the Adelaide system; the ideal can only be spproached
at times of very high meteor rate. The ususl method of snalysis is to
find a "best fit" model to represent the data using a least-squares
method developed by Groves (1959). A model wind VT(z, t) is expressed
in terms of zonal, meridional end vertical components, (U, V, W) respec-

tively such thsat

=1 ' T
VT Li+ '\J_+ AT&
where U=U(z, t, al,n )
1
v="vz, t, 8‘2,n )
2
W=wW(z, t, a3’n3)

with the 8 n (x = 1,2,3; n =1,2, .... Nk) being the parameters of the
b4

model. Usually a polynomisl varlation in height with a periodic varistion
in time is allowed. For a typical model consisting of Nk harmonics of a
fundamental frequency w with polynomial variations of degree Ank in each

component, the wind components U, V, W have the form
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T
Wz, t) =U +I U cos {nw(t - £ )}
(4] el n n

vhere A
U =15 u ,g
g=0 ©:

(=]
n

[ui(z) + taqz)];’

(o« e (@ o sﬁ]"]
j=0 B y=n Dd

an(z) - arctan (un(z)/u;(z))

and wvhere S is a normalised height for the height range z i to % ax and

is defined se

S=(22-(z _+ 1:1113,"1))/(2““!x IR
Simllar expressions can be written for the components V and W in terms
aof Vn, n, and Wn’cn regpectively. The fundamental frequency is usually

chosen as 2%/24 hours T

and the Nk are usually chosen to be 3, glving 24,
12 and 8 hour periodic components. f*.this choice of Wk can be justified
either on the basis of tidal theory or by inspection of periodograms
obtained previously (see Chapter VII).

The order of the polynamials used in the model ia determined using
the following criteris:

(1) The coefficients a assoclated with high order terms in the

volynomials should be significant compared with their standard deviationms.
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(ii) The vertical wind should be no greater than 20 to 30 —
since independent observations have indicated that the vertical
wind, in general, is smsll (usually less than 10 msec—l).

(1ii) The emplitude of the 8 hour tidal components should be small
compared to the amplitude of the 24 hour and 12 hour periodic
components since previous observations have shown that the ampli-
tude of the 8 hour corponent is about a tenth of the 24 hour
component.

In general the lowest order polynomisl variation which adequately
represents the data is used. If a polynomial of too high an order is
specified the fitting process can become unstable in regions (in either
height or time) where there are relatively few echoes. Second or third
order polynomials for the zonal and meridional components are normally
guitsble while first order polynonrials are generslly used for the
vertical component.

Doyle (1968) has shown thet a minismum of about 100 meteor echoes
distributed throughout the dsy provide sufficlent data to give a stable
model for the height range between 80 and 100 km. Iven in the presence
of a four hour bregk in the data the amplitude and phase of the 12 hour
clwpinent remained stable.

6.5 DETERMINATION OF THE IRREGULAR VELOCITY FIELD

The irregular wind field is genersally calculated from the total
wind field by 2liminating the mean wind. The mean wind., in the case

of interest, should include all fluctuations with periods greater than
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about six hours. Usually the mcodel wind computed for one day as des-
cribed in the previous section lg adecuste. However it is sometimes
necessary to combine dats for several days to immrove the relisbility
of the model.

The initial step in the analysis is to calculate the height of
each reflection point on a particular meteor trail using the St. Kilds
reflection point height as a reference. As the direction cosines of
the trail and the separation of the reflection points along it are
known, the height differentials can De readily calculated wilth an
accuracy of sbout * 50 metres. The mean wind velocity corresponding
to each reflection point can then be calculated from the model. The
mean line-of-sight wilnd component at each reflection point is then
calculated and subtraected from the messured line-of-sight wind to glve
the value of the irregular component.

The structure function (mean square velocity differences for a
given separation) has been used as a description of the irreguler wind
and is found from the following exrression

i

BE) = Z, (ulr, + ;) - u(r))?

where u(ri + £) and u(ri) are the line-of-sight turbulent velocities
measured at two reflection points separated by the distance &, and

is the number of observations with this value of . In practice the
observations were divided into groups of separation interval as follows:
all observed separations less than 100 metres form one group. =211 with

separations between 100 metres and 300 metres belong ta the next group,



102.

and so on. Estimates of the variance for each value of D are made

since this varies with the number of observations, N. If N is less .

than sbout six the value of D for that particular separation is usually
ignored because of the uncertainty associasted with the mean for such a sma
sample.

Some Justification for using separations of 100 metres has to be
presented since in §4.5 it was pointed out that the size of the reflect-
ing region itself was about TOO metres. However the assumption used
to obtain this estimate is that the trail does not depart significantly
from linearity over the length of the first Fresnel zone. If the trail
is distorted focusing effects occur asnd segments of the trail of only
a few wavelengths in length can give rise to echoes with amplitudes
very nearly equal to that from the original first Fresnel zone. Greenhow
and Neufeld (1959a) have demonstrated that this effect places a lower
limit on the separation of discrete echoes of some 50 -~ 60 metres.
Another factor which can influence the measurement of reflection point
separation is the movement of the reflection point along the trall in the
presence of wind shear. Using the information given in §4.3.2 with
typical values of wind shear (10 m/sec/km) and mean wind speed (30 m/sec)
then it can be seen that the reflection point would move sbout 150 metres
in the time necessary to trace out the Doppler cycle needed for the wind

measurenment.
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The limitations dlscussed sbove are most important when the
separation between reflection points is small. In vartieunlar for
separations less than asbout 500 metres the measurements of mean sguare
velocity difference are not generally relisble. This point is discussed
further in Chapter VIIT where the structure functions are considered

in detsil.
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CHAPTER VII

OBSERVATIONS OF THE PREVAILING AND TIDAIL WINDS DURING
1968 - 1969

T.1 INTRODUCTION

This chapter describes the prevailing end tidal winds measured with
the redio meteor system during the period November 1967 to October 1969.
Results for the period June 1966 to November 1967 have been described
by Doyle (1968). The measurements of wind shear presented in the follow-
ing chapter require the elimination of the 'mean wind' from the data,
hence it is natural to discuss this 'mean wind' (the prevailing and tidsl
components) at this stage. The author was responsible for dsta collection
and analysis over the whole of the interval. The day to day variability
in the wind measurements will not be discussed in detail since the varia-
tions found are simlilar to those described by Doyle (1968). Because of
the longer period over which data has been collected more emphasis will
be given to seasonal varistionms.

The data for each of the 137 days on which the equipment was opera~
ting was snalysed separately using the Groves method of analysis described
in §86.2. A total of 99 days proved suiteble for religble wind determina-
tions, the minimum number of meteor echoes on any one of these days was
163 and the maximum number T702. The 38 days rejected usually had gaps

in the data coverage because of equipment malfunction or severe inter-



ference which prevented successful reading of echoes. Methods of
analysing these broken dasys are still being investigated.

Throughout the discussion of the results the vector convention is
used to describe the wind components; the wind is defined to be towards
the direction specified. Thus when the wind vector is resolved into its
geographic compenents, a positive wind amplitude refers to a component
directed towards the esst or north for a zonsl or meridional component
respectively. Thé prase of a tidal component is defined as the loeal
time of maximum positive velocity and is expressed in hours after loesl
midnight.

T.2 THE PREVATLTHG WIND

In an earlier investigation of the wind pattern, Doyle (1968) found
much variability in the day to day winds measured over the period June
1965 to November 1967. Most of the variations appeared to be due to
fluctuations in the relative strengths of the periodic components (2k
hour, 12 hour and 8 hour). However longer period oscillations with
quesi-periods of the order of two days were also found in the data; there
was also evidence of shorter veriod variations. Similar variations have
been found in the data for December 1967 to November 1960%* but are not
discussed here.

Because of the varisbility of the wind discussed above the pre-

vailing wind determined for a single day may not be & true measure of the

¥ More recent data (up to Msy 1970) is only savailable for a few days
owing to delays in film reading.



mean or prevailing wind at that time of year. However by averaging over
groups of three months of data centred on the solstices and equinoxes a
relisble measure of the prevailing wind can be obtained. If data for
more days (at least six) in each month were available®* less severe
averaging might be possible. The seasonal averages st 90 km are given
in Table 7.1 for each season since Winter 1966. The number of days

used in computing the mean prevailing wind is given in columm 2. Columns
3 and b give the zonal (eastwards) and meridional (northwards) components
respectively of the wind. The close similarity hetween the seasons for
different vears indicates that sufficient averaging has been done to
eliminate the random component from the data.

In general at these heights the magnitude of the zonal wind component
is larger than the magnitude of the meridional component, this is to be
expected from other measurements and the various wind models that have
been developed (see Groves (1969) for the most recent model for the
height range 60 to 130 km). The current measurements, showing a consistent
reproducibility from year to year, strongly support the model of Groves
(1969) for the latitude 35°. Height-season cross-sections for the zonal
and meridional wind components ere shown in Figures 7.1 and 7.2 respec-
tively. The data is presented at four kilometre height intervals. The

intrusion of the winter westward winds above sbout 95 km is evident with

#* Data is only available for sbout three days per month during 1968 and
gbout six days per month during 1949.



Season No. of Days i Meridional

" Eastwards Forthwards
Winter, 1966%* 9 16 _9
Spring, 1966% 38 10 s
Summer, 1966% 25 33 19
Autumm, 1967* 2L 30 5
Winter, 196T¥ 18 9 -8
Spring, 1967* 11 12 7
Summer, 1967 11 2o 12
Autumm, 1968 10 36 o
Winter, 1968 10 19 -1
Spring, 1968 9 7 17
Summer, 1968 1 33 5
Autumn, 1969 15 o1 9
Winter, 1969 17 o6 -6
Spring, 1969 18 2 -1

TABLE T.1l: THE

AT ADELATDE.

;07.

SEASONAL VARIATION IN THE PREVAILING WIND AT 90 km
THE DATA MARKED * IS FROM DOYLE (1968).
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the deep penetration in 1969 being of considerable interest. Relow 95 km
it eppears that the varistion in the zonal winds is predominantly due to
the monsocnal circulation in the mesosphere with meximum velocities around
60 - 65 km. The meridional pattern is characterised by a flow directed
away from the pole (northwards) during the summer and poleward during the
winter.

T.3 PERIQDOGRAM AWALYSIS

The use of veriodograms in time series analysis hes not been very
widespread. Most of the critieism of the technique has been centred
around its use when strict preiodicity is not present in the deta. In
such a situaticn periodogram analysis produces a spectral density esti-
mate with irregular fluctuations of large amplitude. Increasing the
length of the original time series does not reduce the magnitude of these
fluctuations. However it is possible to improve the stabilitv of the
spectral estimates by averaging over adjacent frequencies (Jones, 1965).
This procedure can also improve the spectrum by reducing the effect of
the side-lobes due to the sampling 'window'. The practice of estimating
the spectral density by taking the Fourier transform of the welghted
autocorrelation function (Blackmen and Tukey, 1959) is an equivalent
procedure. Since the development of the "fast Fourier transform” algorithm
by Cocley and Tukey (1965) considersble interest has been re-established
in 8 modified form of periodogram analysis where the data itself is

smoothed initially.



The raw dsta obtained from the Adelaide radio-meteor syster is not
in the form cf a distinect time series so that normal methods of periodo-
gram analysis cennot be spplied immediately. However the metkod of
analysis developed by Groves (1959) is well sulted to determine the
smplitude and phase for any fregueney w, and can be used to Aetermine
a periodogrerm ss described below.

The model fitted to each wind component u, for each fregquency ®

i
by the method of l=2st squares “as the form

ui(z, t) = uoi + uli cos (wt ~ msli), i=1,2,3

whers u_ , W , &; have the same form as in §6.2, The normalised
o i 4

height, S, is computed for the height range 75 tc 110 km. 3By trial and
error the following ecriteria were estsblished for the order of the poly-
nomials for each wind component used in the analysis: (i) prevailing
and periodic zonal components - quadratic; (ii) prevailing and
periodic meridional cormonents - cudic; (1ii) vertical component -
constant with height but a linear variation in tirme.

As data is avallable for five to ten days each month the resolution
possible in the periodogram is 0.2 - 0.1 cycles/day. Amplitudes and
phases of perlodiec components were calculated for the freguency. range
0.5 cycles/day to 4 cycles/day (periods 48 hour to & hour) with a
resolution of at least 0.2 cycles/day. To emphssise the fact that the

method of anelysis used is scomewhat different from the usual periodogram



analysis the results are presented in terms of the amplitude, A of the
vector which best fits the data at the particular period, T, of interest

thus

A(T) = /u%(‘r) + u%('_r) + u%(r).

The results of this form of analysis for the month of August 1966
are shown in Figure 7.3 for heights of 31, 91 and 101 km. The dats for
this particular month were collected over an interval of 20 days, the
total nurber of meteors being 5108. The resolution generally used
(0.1 cycles/day) can be improved in this case because of the longer data
cpan. In partiowlar the rcsolution around the main frequencles of
interest (1 cycle/dsy and 2.0 cycle/day) is extended to 0.05 eycles/day*.
The main effect on the appearance of the veriodogram can essily be seen
in Figure 7.3 where the so0lid line connects the points at intervals of
0.05 cycles/day, the extra points do not alter the rsndom character of
some of the peaks. At 81 km the predomlnant feature is the strength of
the 24 hour periodic component , no other peak can be regarded as signifi-
cant. At 91 km the strength of the 24 hour component has decreased and
at 101 km has disappeared into the background noise. The epparent decay
of this 24 hour component with increasing height is in direct contrast
with the expected variastion from tidal theory and, if real, could mean
that a significant smount of tidal energy was being dissipsated near 100

km at this time.

¥ The limited computing time avsilsble did not permit full resolution
over the whole frequency range.
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In the sbsence of a rellsable statistical technique for deciding the
significance of individual pesks on the periodogram, a simple non-
parametric proeedure has been adopted. Separate veriodograms computed
with odd and eveu numbered meteor echoes respectively have been com-
pared around the apparent peak at a frequency of 1 cycle/day (complete
periodograms were not computed owing to the large amount of computer
time required?®). Tigure 7.4 shows the relevant portions of the three
periodograms. The line drawn on these graphs is for all of the data
(es in Figure 7.3) and it can be seen that the points for the odd and
even numbered meteors respectively would not signifieantly change the
sprearance of the pesk at any height. Moreover it appears that the
dlfferences in amplitude between the three points at a given frequency
are of the same order as the fluctuations between adjacent fre-
quencies in the perlodograms shown in Figure 7.3 and hence indicates
the relisbility of the spectral estimates. The decline in the import-
ance of the diurnal tide with increasing height for this month is thus
considered to be real and significant.

The variation with height of the diurnal tide shown in Figure 7.3
for August 1966 may not be typical. The periodograms obtained for
August 1969, Figure 7.5, show quite different behaviour, the arplitude
of the diurnal component increases with height and a significant semi-
diurnal component is present. This varisbility of the tidal component

is discussed further in the following section.

* The time to produce a full periodogram on the CDC €400 is sgbout
26 mins.
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The importance of the atrospheric tides in the wind field of the
upper atmosphers has long been recognised ané indeed the messurements
of tidal winds deducel from radlo meteor observastions have greatly
stirmulated theoretical interest. Sufficient data on both the diurnal
and semidiurnal tides near 90 km has become availsble that much experi-
mental effort is now directed in determining the variability in the tidal
components. In particular, the recent measurements of Doyle (1968) and
Spizzichino (1969) are of interest in this regard.

Spizzichino finds that #at Carchy (47°N) the semidiurnal tide is &
stable regular oscillation which is well deseribed by theory. In con-~
trast, the diurnal tide is smaller in amplitude, very irregular, and does
not fit the relatively simple theoretical model. Doyle (at Adelaide,
35°5) has found that both the diurnal and semidiurnal tides show large
fluctuations in amplitude and phase, with the semidiurnal tide gen=rally
hawing‘the smallest amplitude. ©Ghe found that similar fluctuations
occurred in both tidel components with occassional phase and amplitude
Jumps with season, varticularly near the equinoxes. For 20% of the data
the sense of rotation of both tidsl components was opposite to that from
tidal theory.

In view of the fluctuations observed in the Adelaide results it was
decided to make a new attempt to obtain statisticslly relisble estimates
of the tidal components with more recent data. The method of averaging

the observations is descrived first together with an investigstion of



the statistical relisbility of the mean values fownd. A comparison of
the observational data with theoretical predictions is made in §7.k.2.
T.b.1 T-.e Data
Because the number of dgys per month for which data is
available is srall (3 - 4 on average) the data 1s combined into the

three 'Lloyd' seasons (and the whole year) defined as follows:

Name Symbol Months Included
Decernber solstitial Iy Noverber to February
June solstitial J May to August
Equinoctial & March, April, September, October
Yearly Y A1l Dsta

Probably the best method of presenting the individual
amplitude and phases from the Groves harmonic analysis is to use the
harmonic disl described by Chapman and Bartels (1940) and strongly
advocasted by Haurwitz (1964). The individual points on such a plot
can scatter widely around the mean and hence it is important to decide
whether the mean smplitude and phase computed from s given number of
data points, m, has any physical significance. A simple statistical
parameter which can be used to assess the relisbility of a mean amplitude
A is the radius of the probable-error circle T,

The probsbility P that the computed mean amplitude A could
have arisen from the analysis of randomly distributed data is exp (- q_2)
where

q2 = m(l + l.h5 m rP2/(K)2)—l
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Chapman (1051) has suggested that a determination nay be considered
satisfactory if L > 3 rp. Tt is epparent that when m is small care
must be exercised in using mean values.

The arplitude and phase of the diurnal zonal and meridional
wind compornents are showm in Table 7.2 for three heights 80 km, 90 knm and
100 km. The observations are combined as shown in the first column of
the table. The second column gives the number, ¥, of days used in each
determination. The third and fourth columns give the amplitude A and
the radius rp of the probable error circle. In the fifth column the
time of the maximum positive wind is shown. Columms 3, % and 5 apply to
the zonal component while 6, 7 and 8 apply to the meridional. Table T.3
glves the results of & similar analysis carried out for the semidiurnal
wind components. The time of the maximum wind refers to the local time
of the first maxinum.

Figures 7.6 and T.T show the individual data points plotted
on harmonic dials for the diurnal and semldiurnal components at 90 km
only. Before applyinz the statistical test for relliability it is
necessary to determine whether the points are normally distributed. The

1

probable-error in an individual point (r*) is m° as great as the probable-
error in the mean, and if a circle of radius r¥* is drawn with the mean as
centre then for a normal distribution half of the points should lie out-
side this cirele. This criterion is met for the distributions shown in

Figures 7.6 and 7.7 as can be seen using the data in Tables 7.2 and T.3.

The results for altitudes 80 km and 100 km also satisfied the ecriterion.
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DIURNAL SOLAR TIDE

Zonsal Meridional
N Amplitude | r Phase | Amplitude| T Phase
(n/sec) P |(hours) | (m/sec) P |(nhours)
D, 1968 1k 1k.2 9.3 | 1k.7 15.9 7.9 | 20.6
J, 1968 12 25.9 12.1 | 18.5 8.1 7.3 | 1L4.6
E, 1968 13 8.8 11.5 9.1 11.2 9.0 | 12.1 @
Year, 1968 | 39 | 10.k4 6.9 | 16.1 6.4 5.0 | 16.7 o
D, 1969 21 17.5 7.8 | 13.9 5.2 6.0 | 22,9 =
J, 1969 20 25.6 4.9 | 16.8 8.3 ho | 17.2
E, 1969 19 21.3 4.5 | 12.3 1.1 4.1 | 19.8
Year, 1969 | 60 18.7 3.7 | 14.6 8.2 2.9 | 19.4
D, 1968 1k 30.7 6.7 | 10.7 22.0 6.4 [ 21.1
J, 1968 12 6.1 8.0 | 12.9 6.0 T.3 1| 12.5 5
E, 1968 13 1k.9 5.8 9.1 9.0 7.2 | 1k4.8 o
Year, 1968 | 39 17.1 L4k | 10.h 7.9 L.k | 18.8 o]
D, 1969 21 13.8 5.0 | 12.1 11.0 5.0 | 22.8 3
J, 1969 20 5.8 3.6 | 1k.k 6.9 L5 | 15.4
E, 1969 19 16.6 4.3 9.7 17.8 L2 | 16.7
Year, 1969 | 60 9.0 2.7 | 11.6 8.3 2.9 | 18.1
D, 1968 1L 33.5 10.8 9.5 19.1 10.8 | 20.9
J, 1968 12 16.9 11.8 8.7 9.8 12.5 6.4 .
E, 1968 13 9.7 k.8 | 9.3 5.2 4.8 ( 11.1 3
Year, 1968 | 39 20.4 7.5 9.3 3.1 7.5 | 22.0 -
D, 1969 21 13.4 7.8 | 16.0 20.1 7.8 | 23.k4 B
J, 1969 20 9.5 8.0 0.2 6.6 6.7 12.9
E, 1969 19 11.8 8.2 h.T 9.6 6.5 | 18.3
Year, 1969 | 60 2.1 1.8 | 23.3 6.9 ho2o| 21.1

Table T.2: THE DIURNAL SOLAR TIDE DETERMINED AT ADELAIDE FOR THREE
HEIGHTS, 80 km, 90 km and 100 km.
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SEMIDIURNAL SOLAR TIDE

Zonal Meridionsal
N Amplitude| r Phase | Amplitude | r Phase
: (m/sec) P l(uours)| (m/sec) ® | (nours)
D, 19568 14 24,9 7.9 6.4 1k.2 6.0 10.0
J, 1968 12 5.2 10.k 6.1 5.b 4.5 9.5 @
E, 1968 13 26.1 10.5 2.6 15.k 9.7 2.1
Year, 1968 |39 | 10.8 6.2 | 4.8 5.3 k.4 | 11.5 g
D, 1968 21 7.6 6.9 3.5 6 h 4.6 1.9
J., 1969 20 0.6 h.0 R 2.9 4.0 3.0
E, 1969 19 1.9 k.6 2.4 0.9 3.3 6.9
Year, 1969 | 60 3.3 3.1 3.k 2.9 2.k 2.4
D, 1968 1k 10.7 .1 5.6 14.2 k.9 | 10.5
J, 1968 12 1.7 6.9 | 10.5 6.1 4.5 6.0
E, 1968 13 8.0 7.9 | 1.7 144 s.h| 2.k 8
Year, 1968 | 39 L.2 3.8 | 10.8 3.2 3.1 0.6 by
D, 1969 21 2.5 3.7 | 5.0 5.h 1] 1.4 B
J, 1969 20 12.8 3.1 9.4 6.3 3.6 3.3
E, 1969 19 3.2 3.9 9.0 2.5 3.7 1.5
Year, 1969 | 60 h.T 2.2 | 21.1 4,2 2.2 2.3
D, 1968 1k 13.3 11.2 | 11.3 23.9 7.9 | 11.5
J, 1968 12 12.8 11.4 | 10.6 16.7 8.3 5.6 H
E, 1968 13 21.8 15.5 8.9 16.7 9.0 1.9 S
Year, 1968 | 39 13.6 7.5 | 10.9 7.2 5.6 1.0 =
D, 1969 21 L)L £.0 €.9 7.5 6.0 | 13.5 &
J, 1969 20 17.3 6.3 8.2 11.7 T.2 3.1
E, 1969 19 16.2 .6 8.5 7.0 5.2 0.1
Year, 1969 | 60 12.0 3.3 8.2 9.2 3.7 2.0

Table T7.3: THE SEMIDIURNAL SOLAR TIDE DETERMINED AT ADELATIDE FOR
80 km. 90 km, 100 km FOR 1968 - 1969, N IS THE NUMBER
OF INDIVIDUAL DETERMINATIONS FOR EACH SEASON.
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If the determinstion of a particular harmonic component is
considered to be satisfactory when A > 3 rp then many of the determina-
tions in Teables 7.2 end T.3 are unrelisble. In genersl the diurnal
tide, with a larger amplitude, is better determined than the semi-
dlurnal tide but this is certainly not the case for all heights and all
seasons.

When the data for 1968 and 1969 are combined and the seasonal
means agein determined, the semidiurnal tide is still not well deter-
mined at 80 and 90 km while the diurnal tide is not well determined at
100 km. The results of this averaging process are shown in Tebles T.h
and 7.5 for the diurnal and semidiurnal comvonents respectively. The
value of P in these tables is the probability of obtaining the mean value
A purely by chance. To ensble the seasonal variations to be easily
visualised the means for 80 km from tables 7.4 and 7.5 have been plotted
cn harmonic dials in Figures 7.8 and 7.9. The mean for all data are
marked with a cross on these disgrams.

The day to day variations in the amplitude and phase of the
24 and 12 hour periodic components discussed earlier is the basic resason
why meny of the mean values determined ahove are statistieally unrelisble.
By combining all of the data svailable at Adelaide into Lloyd seasons it is
hoped that reliable estimates can be made for all tidal components (this

analysis is in its initisal stage).
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DIURNAL TIDE

7onal Meridional
Amplitude| r Phase ' Amplitude| «r Phase
80 km " (m/sec) P | (hours) N (m/sec) P | (hours) P
D Months |35 | 16.1 6.0 [ 1h.2 | 1.3 x 10j§ 9.4 4.8| 21.0 | 8.7 x 10“2
J Months [32| 25.1 5.6 | 17.2 | 6.2 x 10} T. 3.8 16.2 | 7.0 x 10"
E Months 32| 15.3 5.5 | 11.6 | 1.0 x 10 ¢ 7.6 L.o7| 17.6 0.18
A1l 99 15.2 3.5 | 15.0 1.0 x 10 7.1 2,6 18.5 7.6 x 10
20 km —|
D Months |35 20.2 h.2o | 11.2 1.7 % 10“5 15.0 h,1| 21.8 6.5 x 10“h
J Honths |32 L.5 3.8 | 16.4 0.38 6.1 3.9 | 1k.h 0.20 .
E Months (32| 15.9 3.5 9.4 | 5.0 x10 5| 13.9 Lo| 16.2 | 1.0 x 10 j
A1l 99 12.1 2. | 11.0 3.6 x 10 8.1 2. 4| 18,4 6.6 x 10
100 km |
D Months |35 14.8 6.9 | 11.7 5.6 x 1072 18.8 6.4 22.4 6.2 x 1073
J Months |32 5.5 6.9 b7 0.65 5.2 6.4 9.9 0.64
. Months |32 9.1 T.6 6.3 0.38 5.5 T.1| 16.8 0.67
A1l 99 6.9 h.2 { 8.9 0.16 5.4 3.9 21.3 0.27

Teble T.h: THE DIURNAL TIDE COMPUTED FOR ATL DATA COLLECTED DURING 1968 AND 1969 AT
ADELAIDFE.
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7.4.2  Commarison with Theory

Sore aspects of the theory of tides as pertaining to latitude
35°S and the hei-h% rangze 70 to 110 kr will be briefly discussed before
comparison with the observational results deseribed in the previous

section. Iindzer and Chapman (19%2) have given an excellent review of

¥

the theory of atmospheric tides. The main methods of excitation of the
solar tides are due to the sbsorption of solar energy by water vapour and
ozone. Surface temperature variations are considered relazatively unimpor-
tant and give rise to local effects in the tidsl varistions restricted
mainly to the troposphere.

In the case of the solar semidiurnal tide the most important
mode is the (2,2) which associated with long vertical wavelengths (v~ 150
tm): this mode responds ‘o the excitation due to ozone hesting. However
the (2.2) mode is trepred below the mesopause so that with a =light
changs in the distribution of ozone the {2,L4) mode may mske an important
contribution to the wind field sbove 80 km. At 35° latitude the ampli-
tude of the semidiurnal wind is predicted to be sbhovt 10 n/sec at 80 km
increasing to sbout 40 m/sec at 100 km with a phase lag of about 2 hours
between these levels.

Jo varticular mode of the solar diurnal tide responds
efficiently to the excitation function and hence a number of modes are
important in determining the total wind field. B5light variations in the
excitation functions (both water vapour and ozone hesting) can change the

type and number of significant modes in the wind field. Zvanescent modes,
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particularly the {1, - 1) mode, are important near the regions of excita-
tion byt contribute Iittle to the diurnal oscillation at upper levels
{vnless local hest sources of sufficient strength exist). liost other
modes propagate freely and are not trapped below the mescpause 30 tinat
equatorwards of azout L0~ ihe giurnal tide is muck gregter than the
semidiurnal tide. The refraction effects of the bvackground temperature
structure are important for the short wawvelength modes and hence above

30 kr the diurnal tide can be gquite varisble. Typical amplitudes expected
are 30 m/sec at 80 km and 100 m/sec at 100 km with a phase lead of about

T hours between these levels.

The main fact of interest from the observational data is
that the amplitudes of both the diurnal and semidiurnal tides are smaller
than theory predicts for the latitude and height. In particular the
amplitude of the diurnal tide, which would be expected to irncrease with
height. in fact decreases for all seasons. The semidiurnal tide, on the
other hand, generally increases with height as is expected but is much
more variable than theory would predict.

For the diurnal component the maximum wind towards the north
follows the maximum wind towards the east by sbout sik hours as would
be expected from theoretical considerations. However the semidiurnal
component is less reliably determined and does not show the expected

phase lag of three hours hetween northward and eastward wind components.

The varistion of phase with height is also irregular.
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The sbove facts imply that more than one mode is present in
both the diurnal and semidiurnal tidal componeris. It is interesting to
speculate that the varisbility of the semidiurnal tide may be due to the
fluctuating importance of the (2,4) mode, while in the case of the diurnal
tide the larger number of short wavelength modes may vary in relative
importance. Lindzen (1968a) has shown that smsll changes in the back-
ground temperature profile have an important influence on the relative
strength of the various propagating diurnal modes. Variatioms in the
distribution of ozone are certainly observed and hence variations in the
importance of the (2,4) mode might be expected. Speculations such as
these can only be checked if simultaneous cbservations are made &t a
number of locations.

Seasonal varistions in the mean winds and temperature below
80 km are expected to cause changes in the phase of the diurnal and
semidiurnel waves arriving in the region 80 - 100 km. The observations
of the diurnal tide show little seasonal variation in amplitude (below
100 km), and a small phase varistion as can be seen from Figure T.8.

The variation with season of the semidiurnal tide is not clearly defined
but it would be interesting to consider the effects of seasonal varila-

tions in the distribution of ozone (the main exciting function).



CHAPTER VIII

MEASUREMENTS OF WIND SHEAR IW THE LOWER THERMOSPHERE

8.1 INTRODUCTION

As indiceted in Chapter VI measurements of wind shear were made with
the multi-station radio meteor system over the period December 1968 to
June 1969. The distribution of echoes in height and time is given in the
aforementioned chapter as are the methods of data reduction. The wind
shear data is presented in the form of structure functions computed as
described in §6.5.

As the orientation of each meteor trail with respect to the observing
stations is known it is possible to compute the horizontal and vertical
components of the reflection point separation. Thus structure functions
are computed for horizontal separations (increments of 200 metres) and
vertical separations (increments of 100 metres). However it should be
remembered that a slight amount of coupling will occur between these
functions, and is more serious for the vertical function due to the
inelination of the meteor trails to a horizontal plane (sabout 30° on
average). Even if the separation is not complete it 1s still useful to
present the data in the form of horizontal and vertical measurements of
wind shear in view of the stsbilising nature of the background temperature
variation. It should be noted that this has not been particularly success-
ful in the past because of the limited spatial separation of reflection

points along the trail.



The approach in the discussion of the results in §8.4 will not be
40 presuppose eny particulsr structure but rather to attempt to show
some relationshin hetween the chzerved structure fumctions and varicus
thecretical predicticns. A brief discussion of the statistical propertiss
cf wind sheer measurements in the lower atmosphera is given in the follow-
ing section. The present resulits indicate that the same considerations
are applicebhle t5 conditions in the lower thermosphere,

8.2 BTATISTICAL WIND SFEAR RELATIOWSHIPS

Tssenvanger (1963) has shown empiriecally that winé shear Au is
ralated to the ghear iaterval £ by a cower law as follows:
— 21
Avw = & £ 3.1
o]
and with the standard deviation Tpu given by

2

¢, = el 4+ A 8.2
Au : (o]

and
= A‘O + Ay Au . 8.3

The guantities a,o, e, Ae and A; are the various coefficients or constants
assoclated with the power law with exponent a;. In a later publication
Essenvanger (196€) linked his results to statistical theory and showed that
the exponent &; had the value ); for rean shear due to the persistence
(meso-scale structurs) in the wind profile. Extreme values of shear apvear
tc be independent of any perticular statistical distribution and the

exponent tends towards 1/3 implying that the structure may be that of
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isotropic turbulence. The precise value of the exponent depends on the
particular meteorological conditions in existence at the time of the
megsurements.

The power law behaviour of the mesn wind shear with vertical separa-
tion (exponent 0.5) has been confirmed by the balloon observations of
Armandariz and Rider (196€6). It is also possible that the wind shear
messurements of Weinstein et al. (1966) may alsc follow the power law
behaviour (Essenwanger, 1967).

The relations given in 8.1 and 8.2 may be related to the structure
functions discussed in Chapter II. In particular for sn inertial sub-

range of turbulence the transverse structure function has the form

D (8) = % a(e£)?/>

Thus it is apparent (Essenwanger, 1969) that the relations a; = 1/3 and

a.o = /ga-el/?’ should hold for conditions of extreme shear.

8.3 THE OBSERVATIONS

The basic measurements for five months* of the survey are presented
as structure functions for vertical end horizontal separations in Figures
8.1 ~ 8.5 where the logarithm of the squares of the velocity differences
has been plotted against the logarithm of the horizontal and vertical

separations respectively (the structure functions for Octcber 1969 are

* As noted earlier in Chapter VI wind shear data for April and May 1969
dre not yet available owing to delays in reading the velocity films
beyond the author's control.
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presented separately in the following chapter). The error bars shown for
a few points (small separation, separation v 1 km, and large separation)
are simply the standard error in the mean square veloclty difference for the
particular separation concerned. In general the mean square veloecity
difference incresses more rapidly with vertical than with horizontal
separations. The amount of scatter in some of these plots makes it
difficult for sn objective decision to be made as to the closeness of fit
to a particular expected curve.
Any discussion of these plots must be tempered by consideration
of the following factors:
(1) At separations less than sbout 300 metres anomalous velocity

di fferentials are prevalent due to the insceuracy associated with separa-
tion measurement brought sbout by the phenomenon of reflection point
motion, and also due to the inherent inaccuracy in measuring the original
line-of~sight-velocities.

(ii) Relisble estimates of the mean square velocity difference are
only obtained when the number of differences is large. As shown later
at least ten velocity differences are required to obtain a significant
value. In general the total number of multi-station echoes in each month
has to exceed TO (ylelding sbout 400 velocity differences) in order to
obtein a set of relisble mean square velocity differences.

(11i) Due to the non-uniform echo rate (outlined in Chapter VI) the
measurements for s given month are biased towards the high rate hours centrel

around 0500 local time.
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In order to make some objective comparisons hetween the horizontal

and vertical structure functions and also between the observations for

various months a power law of the form Au? = kxA, where k and A are th
constants to be determined, is fitted to the dats by the method‘of least
squares. In view of the factors discussed in the previous paragraph a
weighting factor was introduced for each dsta point as follows. ZFEach mean
square velocity difference was weighted by a factor v, = ni/ci where n,

ig the number of differences at that separation and 9 is the standard
devistion. The appearance of the factor n, iz in an attempt to allow
directly for variations in the number of at fferences whereas si allows

for the accuracy in the determination in the classical manner.

Other parameters which have been determined from the irregular
velocity field are shown in Table 8.1. Colurm 1 gives the number of meteor
trails recorded during the month, while columm 2 gives the total number
of reflection points recorded (2 maximm of five points on each trail).

7 is the root mean square velocity of all the 1ine-of-sight wvelocities
measured during a given month. Tmax and Trms refer to the motion of
reflection points alcng the trail. Because the wind shear on an indivi-
dual trail can be measured it is possible to determine the speeds of
each reflection poirt as it moves salong the trail using the formula glven
in $4.3.2. The meximum value (in km/see) found for each month is
entered under the hesading Tmax' The root mean square sveed measured for

each month is entered under the heading Trms' This motion of the
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N iz T T
Month . "R (m/Zec ) %;5{ sec-l) (km!;:ic) (km:;gz e)
December, 1968 | 158 | 780 26 0.0081 + 3.1 c.L
January, 1969 58 | 288 36 0.019 - 2.5 0.5
February, 1969 | 365 [1131 31 0.0075 - 4.} 0.4
March, 1969 269 | 509 29 0.011 + 4.3 0.5
April
May
June, 1969 266 |1328 27 0.0092 + 2.9 b
October, 1969 213 [10h45 27 0.011 - b7 b
Al11 data 1330 |6632 29 0.0096 6.4 0.h
TARLE 8.1: PARAMETERS OF THE IRREGULAR WIND FIELD AS DETERMINED FOR

EACH MONTH OF THE SURVEY. THE SYMBOLS ARE EXPLATNED IN

THE TEXT
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reflection point can greatly affect measurements of diffusion (Brown,
private comnunication). AV/An is the rms value of the wind shear
reasured for each trail.

The results vresented in Table 8.1 are very similar to the earlier
measurements of Roper (1962) cbtained during 1961. The present observa-
tions do not show any definite variations with season or height, in
particular evidence for a maximum shear near the equinoxes is not
apperent. This null result is in contrast with the resulis of Roper
(1562) but will not be discussed further. It is worth noting that the
present results (with the exception of January, 1969) are statistically
more reliable than those of Roper.

The varlous constants associated with the best fit power lews to the
spatial, vertical and horizontal structure functions respectively are
given in Table 8.2. Standard errors for each parameter are given in the
tsble, any differences in the parameters greater than a@bout twice the
standard error are considered significant.

Since little varistion between different months is apparent all the
data has been combined to produce the spatial structure funetion shown in
Figure 8.6 snd the vertical and horizontal structure functions shown in
Figure 8.7. The relevant parameters have also been added to Tables 8.1
and 8.2. This combined date simply serves to confirm the lack of varia-

tion between different wonths.



Spatial Verticel Horizontel
Month N —-
k Exponent k Exponent k Exponent
December, 1968 | 158 |24.T + 0.3 |.TT + .16 |36.2 .3 |.T6 £ .09 |L4h.2 & .70 £ .15
Jenuary, 1969 58| 101+ 1 46 £ 07T |95.3 .6|.T0O+ .14 | 205 £1 |.53% .19
February, 1969 | 385 |54.0 + 0.1 |.56 + .05 [62.8 + .2 |.69 ¢+ .08 |66.5 .56 £ .06
March, 1969 269 |56.0 £+ .1 | .73 ¢+ .04 |T1.4 ¢+ .2 |.83 % .07 |T1.9 * .2 |.5T + .06
April, 1969
May, 1969
June, 1969 266 | 53.6 £ . L6 + .07 |62.T+ .3 |46 % .09 |62.6+ .3].11 % .09
October, 1969 213 (59.1 ¢+ .2 .62+ .08 |Th.b + .3 |.T2 % .11 |T5.9 % L6 + 06
All data 1330 [ 57.5 ¢ .60 £ .04 |TT.3 % . 64 + .03 [73.7 % .1 |.46 £ .03
TABLE 8.2: PARAMETERS OF THE WEIGHTED BEST FIT POWER LAWS TO THE STRUCTURE FUNCTIONS FOR

EACH MONTH, THE GRRORS SHOWN ARE THE STANDARD ERRORS

FOR EACH PARAMETTR.

-4
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8.4 COMPARISON WITH PREVIOUS OBSERVATIONS AT ADELATDE

Previous observstions made with a three atation radio meteor system
during 1961 have been described by Roper (1962) and (1966). The main
observational difference in the present work is the addition of two
extrs out-stations which, when coupled with greater overall sensitivity
of the system, increases the number of velocity difference determinations
thet can be made in a given time interval. With four reflection points
there are six velocity differences and with five points the number is ten.
Thus the reliability of mean square velocity differences is improved,
particularly for separations greater than about 2.0 km. Differences can
be obtained up to a maximum separation of asbout 5.5 km compared with 2.5
km in the 1961 survey.

Tn order to make some quantitative assessment of the relisbility of
values of D (the mean square velocity difference) when the nunmber of
velocity differences is small (particularly near the maximum separation)
for both the results of the present (1969) survey and the 1961 survey the
1969 data was treated in the following manner. Data for only the three
close-spaced receiving sites as used in the 1961 survey (St. Kilda, Direk
and Sheedys) were selected and structure functions computed. It was found
that some of these new structure functions differed from the fﬁnctions
computed using all availsble stations. In particular the greater uwn-
certainty in the values of D for separations of the order of 2 km tended
to give larger values for the exponent in the best fit power law. At least

10 velocity differences appeared necesgsary for a stable value of D. This



eriterion was orly met for separations less than sbout 2.0 km for most
months of the 1961 survey whereas for the 1969 survey this criterion is
met up to a separastion of sbout 5.5 km for sll months except January 1969.

The considerations above have the greatest effect on the vertical
structure functions computed for the 1961 survey. The exponent of 1.4 foun¢
in the 1961 survey (max vertical separation of 1.5 km) is not found in
the 1969 survey (max vertical separation of 3.0 km), the exponent in the
latter case being always less than 1.0. This discrepancy is probably due
to the unreliable values of D determined for the 19€1 survey for vertical
separations greater than 1.2 km. Tt has been found that a weighted least
squares it on some of the 1961 data would reduce the value of the expo-
nent slightly. The structure functions determined from chemical release
trails, as discussed in §3.3.1, often have exponents close to 1.4 which
appears compatible with the results of the 1961 survey. However larzc
variations can occur in the structure functions computed for different
heights as shown by Rees et al. (1977) and hence the present results are
still compatible with the analysis of chemical trails.

One further feature of the scatter in values of D as it affects the
1961 results is worthy of mention. The mean square velocity differences
for the spatial separations in the 1961 survey were interpreted directly
as being due to an inertial sub-range of a turbulent field since a power
law of the form D « 52/3 fitted the date reasongbly well. Zimmerman
(1969) questioned this interpretation because of an apparent difference in

slope for small separations (less then 0.8 km). However it has been
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pointed out earlier in this chapter that the velocity differences for
separations less then 0.5 km are very unrelieble. The measurements of
velocity differences for small separations often fluctuate wildly when
the basie data are split into, say, even and odd numbered echoes wheress
for separations greater than sbout 0.5 km the measurements are relatively
stable. It has sinee been demonstrated that the main variations for
separations less than 0.5 km are due to the inherent inaccuracies in the
messurement of the individual line-of-sight velocities.

8.5 DISCUSSION OF PRESENT OBSERVATIONS

Unambiguous evidence for the existence of a turbulent veloclty
field is not availsble from the observations. The radio meteor tech-
nique cannot be used in the same way as an arrasy of sensors might be used
in the troposphere and hence it is difficult to separate completely the
effects of horizontal and vertical structure. The separation that
has been attempted for the data indicates a disting difference between
the vertical and horizontsl structure. In every case in Table 8.2 the
exponent in the best fit power law is larger for the vertical structure
function than for the horizontal structure function although the
differences for some months are not statistically significant.

If the wind shear measurements were due to 'white noise' an expo-
nent a; = 0 (see §8.2) would be expected (Essenwanger and Billioms,
1965). Only the horizontal structure function for June 1969 would be
explained by this argument. A linear trend for wind shears would yield

an exponent of 2 for the structure functions and hence can be excluded.
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As discussed earlier in §8.2 mean shears which contaln meso-scale
structure as well as turbulence would give structure functions with
exponents of about 1.0. Weinstein et al. (196€) have shown that the
meso-scale structure observed in vertiecal wind profiles above the tropo-
pause can be explained by the effect of internal gravity waves. Further,
the results of Phillips (1968) show that structure functions with expo-
nents of 1.0 can be expected for a spectrum of internal gravity waves for
conditions that aspply in the present case. The vertical structure
functions determined by the radio meteor system have exponents near 0.8
and thus are in reasonsble agreement with this idea.

The horizontal structure functions have exponents near 0.6 and
this indlcate the possibility of being due to an inertial sub-range of
turbulence. Thug the model of small scale wind structure proposed in
§3.4% holds for the present observations. However more observations are
needed before a definite statement as to the existence of an inertial
turbulent regime out to separastions of about 10 km can be made.

If it is assumed +that the results for horizontal displacements are
due entirely to turbulence then the constants k in Table 8.2 can be used
to determine values of the dissipation rate as shown in §8.2. Values
thus obtained {~ 0.01 watts/kg) are not incompatible with the results of
Justus (1966). The seasonal veriation of the dissipastion rate found by
Roper (1966) (maximum near the equinoxes) is not substantiated slthough
the period covered by the present data is not sufficient to Justify a

definite statement.
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The energy for the small scale motion observed probably comes from
the diurnal tide sinee, as discussed in Chapter VII, much of the energy

in the diurnal tide is lost in the lower thermosphere.
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CHAPTER IX

A DIRECT COMPARISON OF WIND AND SHEAR MEASUREMENTS
MADE WITH RADIO-METEOR AND CHEMILUMINESCENT TRATL
TECHNIQUES

9.1 DETAILS OF THE EXPERIMENT

A joint experiment to measure neutral winds, ion drifts and tempera-
ture in the upper atmosphere was conducted during October 1969 by tﬁe
Department of Physies, University College, London; Max-Planck-Institut fur
Physik und Astrophysik, Munich; and the Weapons Research Establishment,
Salisbury, S.A. Two Skylark rockets (designated SL 861 and SL 862) were
1aunched from Woomera during twilight at O446 C.S.T., 16th October, 1969
and 1915 C.8.T., 1Tth October, 1969. The Radiophysics Group of the
Department of Physies, University of Adelaide participated in this experi-
ment by making ground-based radio observations of the neutral wind and
jon drifts over the launch period and for a few dsys before and after the
launchings.

Detalls of the rocket experiments are as follows:

(1) 5 kg of trimethysluminium (TMA) was released as a trail between

85 and 150 km in the shedow region of the vehicle trajectory. This

trail was photographed at three sites using F2L4 cameras and also a

series of high resolution plates were tsken by the Baker-Nunn

camera situeted at the Island Lagoon tracking station.
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(11) Four high explosive (HEX) standard 1 1b grenades were released
in the TMA trail. The velocity of the shock wave produced by them
gave the temperature of the ambient atmosphere (Rosenberg, 1964).
(11i) Standard aluminium loaded 1 1b grenades were released at
intervals between 150 km and 240 km altitude in sunlight. Aluminium
monoxide (A10) is produced which resonantly scatters sunlight
(Johnson, 1965). From time sequenced photographs of the AlO clouds,
the diffusion coefficient and rneutral winds may be determined
(Manring et 21., 1961). Spectral observations of the band structure
of the resonant radistion ensble the temperature to be determined
(Authier et al., 1962).

(iv) Two special grenades each containing 3 kgm of & barium, copper
oxide mixture were released at 180 km and 218 km respectively. The
mixture undergoes sn exothermic reaction which vaporises the excess
barium producing & cloud of neutral and ionised atoms. Neutral and
jon winds can be determined by time sequence photographs of the
neutral and ionised barium clouds (Hacrendel et al., 1967).

The multi-station radio-meteor system described in Chapter V was

used to determine the prevailing, periodic and irregular winds in the
height range T5 to 110 km, while the Buckland Park aerial system des-
cribed by Briggs et al. (1969) was used to measure ionospheric drifts

in the D, E and F regions when possible. Obgservations with the radio-

meteor system which is about 450 km south~east of Woomera were made on

the dates shown in Table 9.1.



Dates Meen Wind Multi-station
5-10-69 | Yes (after 1000) | Yes (after 1800)
6-10-69 | Yes Yes

T-10-69 | Yes Yes

8-10-69 | Yes Yes

9-10-69 | Yes (to 1700) Yes (to 1400)
15-10-69 | Yes (after 1200) | Yes (after 1800)
16-10-69 | Yes Yes
17-10-69 | Yes Yes
18-10-69 | Yes Yes
19-10-69 | Yes Yes (to 2100)

Comments

Multi-station deta not yet
available

Transmitter failure
Commenced 1200
Launch at 0446

Launeh at 1915; film mechenism
jamed on sheer csmera (2300-1530)

Concluded 2340
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The discussion which follows will be concerned mainly with a direct
comparison between the winds determined by the radio-meteor method and
those determined by tracking the TMA trail. This comparison can be
useful in the interpretation of both types of wind measurement. Also the
observations of turbulent phenomena on the TMA trail give a besis for
interpreting the horizontal structure functions determined from the multi-
station observations of wind shear.

9.2 WIND PROFTILES

9.2.1 TMA Release Observations

The motion of the TMA trail and grenade glow clouds were
measured relastive to the star background. Records from three camera sites
were used covering a period of up to 200 seconds after release. Easgily
jdentifiable points on the trail were used as primary tracers of the
motion determined by direct triangulation. Motion of the smooth portions
of the trail was determined by using the best fit lines-of-sight from the
three camers sites. The error in the messured wind velocity was about
10 m/sec between 100 and 200 km and increased to 20 - 25 m/sec near the
1limits of observation about 90 and 220 km®.

The wind profiles for the morming and evening lawnches are
shown in Figures 9.1 and 9.2. These profiles show the rather tvpical

nature of the wind profiles found at these altitudes; a large scale

* Thig analysis was performed by Dr. D. Rees at University College, Londor
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wave-like structure on which is superposed smaller scale irregular
structure for heights below 120 km and , a relatively uni form wind sbove
this height. The altitude scale in Figures 9.1 and 2.2 can also be
expressed in scale height units above 80 km, defined by

h
o-[*1a
80

=

where H is the (local) scale height. This scale is convenlent for esti-
mation of vertical wavelength by suto-correlation technigques since it
allows for the variation in density with height. The auto-correlation
and cross-correlation fimections (calculated over height interval ok km
to 130 km) for the morning and evening profiles are shown in Figure 9.3
(11loyd, 1970, private commmnication). As the value of shift for which
the correlation has fallen to zero can be taken as one-quarter of the
dominant wavelength it can be seen that the behaviour of the eastward
and northward corponents for each sounding are similar but the wavelength
of the evening profile (7 scale heights or sbout 49 km) is considersbly
greater than the morning value (b scale heights or sbout 28 xm), The
cross-correlation functions for esch sounding show that the northward
wind componernt was in advance of the eastward wind component by sbout

a quarter wavelength. This hellcal ﬁehav:lour progressing anti-clockwise
with altitude is to be expected for tidal winds; the wavelength found
in the morning profile (v 28 km) is compatidle with the diurnsl (1,1)

mode while the wavelength found in the evening profile (v 49 km) is
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Date

Local Time 15{ 16| 17| 18| 19
00 b7 | bBh| W6| 63
01 55 | 47| 63| 58
02 50 | sh| 62| Lk
03 43| 51| 49| 39
oL 50 | 1| Mh| 26
05 51| 10| 66| 32
o7 ho| 28| 48| 28
08 28| 36| 12| k1
09 32| b5 | 28| 22
10 26| 29 | 29| 18
11 29| 37| 18| 25
i2 17| 22| 30| 23| 3L
13 15| 17| 18| 20| 2b
1k 9| 10| 15| 16| 22
15 3 9| 15| 18| 16
16 9| 10| 20| 12| 10
17 6] 5| 12| Tl 11
18 8| 18| 21 8| 1
19 8| 12| 34| 11| 20
20 13| 13| 21| 10| 12
21 16| 19| 23| 16| 23
22 30| 22| 31| 37| 28
23 31| 35| 58| ko

Totals: 165| 721 | 752 | T39 | 641

Total for period: 3018

TABLE 9.2: DISTRIBUTION OF ECHOES IN TIME:
PERIOD 15-10-69 TO 19-10-69 (ALL
HEIGHTS). EQUIPMENT WAS NOT
OPERATING WHERE BLANKS APPEAR
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compatible with the semi-diurnal (2,2) mode but obviously unique identi-
fication with a particulsr tidal mode is impossible from single station
data.

g.2.2 The Radio-Meteor Observations

Over the period from 1200, 15/10/69 until 2245, 19/10/69
the radio-meteor system recorded 3018 ussble meteor echoes distributed in
time as shown in Teble 9.2. Unusually large usable echo rates were
achieved near the times of each rocket launch by the simple expedient of
recording continuously for about an hour centred on each launch time. By
bypassing the sequence unit (see §5.3.4) in this menner many small short
duration echoes which would normally not have been detected early enough
were able to be read. The frequency of occurrence of meteors in height
is shown in Figure 9.4: the mean height 89.1 km is slightly lower than
the mean for all echoes 1966 - 1968, 90.2 km.

Two methods of snalysis were used in conjunction with the
raw meteor data. A model analysis (GROVES) was used* as descrited in
§6.4 for each day and in particular for the two periods 1200 15/10/69 to
1200 16/10/69, and 1200 17/10/69 to 1200 18/10/69 the results of this
analysis, presented as contours on & height-time diagram,are shown in
Figures 9.5 to 9.8 for the zonal and meridional wind components respectively
The varietion sllowed within the restrictions of the model are evident;:

information outside the height range T5 to 105 km has not been used becsause

# A justification (in part) for using a model with mean, 24 hr, 12 hr
and 8 hr components 1s presented later.
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of the uncertainty in the model at these extremes of the height range.
The other method of analysis used is a modified form of the GROVES analysis
no time variation is allowed (TIGA). Using meteors recorded over a period
of sbout an hour centred on the launch time of esch rocket and distributed
in time and height as shown in Teble 9.2, wind profiles as shown in
Figures 9.9 and 9.10 are obtained. The large number of echoes (65)
recorded during the period of the morning launch (SL 861) permitted much
height varisbility in the model for this time. The agreement between these
profiles and the lower wind determinations from the chemical trail results
also shown on these diagrams is quite reasonsble considering the separa-
tion between the iwo measurements. Further comments regarding comparison
of these profiles will be found in §9.L.

A test of the consistency of the two wind measurements
(meteor and chemical treil) was to project the horizontal wind vector
measured by the chemical trail at a given height along the line-of-aight
for all meteors within 2 km of that height. Figure 9.11 shows the
measured line-of-sight velocity plotted against the value expected from
the chemical traill measurements from SL 861 and SL 862. The negative
correlation spparent on the dlagrams is due to the opposite sign con-
ventioﬁ used for the two measurements. The line-of-sight velocity for a
meteor trail moving awsy from the observer is ziven a negative sign vhere-
as the chemical trail results have the more normal vector convention -
positive awsy from the origin. The correlation coefficients found are

- 0.54 for the morning profile (SI 861) and - 0.59 for the evening profile
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(SL 862) both coefficients being significent at the 0.1% confidence
level.

A nurber of possibilities exist for the relatively low
correlation found. The separation of 450 km between the launch site and
the observing point 1s of course & major point. The meteor echoes
recorded come from within a radius of about 150 km of the receiving site
at St. Xilda. The distribution of the direction cosines for all echoes
recorded for the morning (SI 861) profile is shown in Figure 9.12. The
concentration of echoes to the south is to be expected because of the
position of the radiants for the sporadic neteors st thig time. The
separation between the two wind measurements cen therefore be as much as
600 kr at which distance only the gross features of the wind profiles
could be expected to be similar. The strong shears evident from the
chemical trail wind profiles are probably responsible for much of the
scatter on the plots since-meteors over a 2 km interval were used in a
comparison with each cherical trail wind determination.

By plotting the wind profiles in the form of hodogrephs,
vwhich allow comparison of the total wind vector determined by both tech-
niques at a glven height, a better 1dea of the differences between the
meteor wind profiles snd chemical trail profiles can be gained. In
Figure 2.13 (the morning profile) the main point to note is the difference
in amplitude of the two wind vectors. This difference may be aseribed
to the fuilure of the model analysis to follow very rapid wind shears

eand is 4discussed further in §9.2. The mairn difference in the two profiles
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shown in Figure 9.14 {the evening profile) is the 90° 1ag of the meteor
wind profile. Tt should also be noted that the meteor wind profile in
Figure 9.13 can also be considered to lag the chemical trail profile. A
phase lag of the order of 900 between the tides at Adelaide and Woomera
would not be expected from tidel theory salone and no setisfactory explane-
tion exists for the aspparent differences.

Tn order to check the validity of the GROVES model used in
the determination of the wind profiles discussed earlier a periodogram
analysis as described in §7.3 was verformed on all of the radio meteor
data for October 1959. The results of this analysis for the helghts 81 km,
91 km and 101 km are shown in Figure 9.15. The perlodograms in this dia-
gram are oversarpled, the sctual resolutiorn is only about 0.2 cycles/dey.
The peaks at periods of 24 hour and 12 hour (1 eycle/dasy and 2 cycles/day)
are significant snd indlcate that the GROVES model of o prevailing component
plus 24 hour, 12 hour and 8 nour components iz spplicsble for this data.
Varistion of the parameters of the model associsted with the eight hour
periodic component makes little change in the resultant wind profile.

9.3 WIND SHEAR AND TURRULENCE MEASUREMENTS

Both of the TMA tralls developed an extensive irregular (turbulent)
region below 110 km about 30 secs after release. Two frames from the
Baker-Nunn (f£/1, 50 em focal length) of the 8L 862 trail show this develop-
ment reasonsbly well. The first frame (Figure 9.16) 1is teken 30 secs after
the commencement of trall release. The grenade hursts within the trail

are clearly visible at the upper levels while lower down the trall appears




NORTHWARD

— 75 HIGHLY TURBULENT

ALTITUDE (KM)
VELOCITY (M/SEC)

Y EASTWARD
%83 (M/SEC)
[ I I 1 o T 1
-125 =100 =75 -50 -%?l 125 150
78
//
----- ADELAIDE METEOR X g7
WINDS ,' SL862
1830 — 2000 X 89
\
X831 L 50 9t
~y 93
XS 7 99 101
—— e
— 75 X

Figure 9.14: Hodograph for the wind determined on October 17th, 1969. The full line
is for the contaminant release observations, while the dashed line is
for the results from the radio-meteor enalysis.



40 - 101 km
o
w
) =i
=
W 20
o |
[
-
[«
z it
<
0 T T T T T T T 1
1-0 20 3-0 4L-0
FREQUENCY (CYCLES / DAY)
40 -
o 91 km
[7)]
=
- 20
w
(=]
=)
- =
S5
a
=
<
0 T T T T T T T 1
1-0 20 30 40
FREQUENCY (CYCLES/DAY)
L0
o 8t km
w
Z,0 -
w
o
D
[ -
3
o.
=
<
0 T T T T T | I 1
1-0 2-0 30 40

FREQUENCY (CYCLES/ DAY)

Figure 9.15: Periodograms computed for heights 81, 91
and 101 km for October 1969.



Figure 9.16: The TMA trail from SLB862 photographed
30 seconds after release.




Figure 9.17: The TMA trail from SL862 photographed
40 seconds after release.
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reasonably "smooth". However in Figure 9.17 taken LO secs after release,
the lower portion of the trail has become very chaotic without any associa-
tion with a grenade burst.

The breakdown from a "smooth” appearance to "turbulent" is a dramatic
change and essily recognissble by visual inspection of the original photo-
graphs. The delsy in onset of turbulence is clearly shown in Figure 9.18
which shows isodensitrace scans of a portion of the trail from SL 861. The
transition between "rough” and "smooth" in the region near 110 km is easily
seen in the upper diagram. When the lower portion of the trail has broken
up it can be seen that "blobs" in the trail can be smaller than the trail
diameter at earlier times. Thus it esppears that the criterion for the
commencement of turbulence is not necessarily that the trail must grow to
the size of the smallest eddy. Rees et al. (1970) observed a similar
phenomena with two trails released in May 1968 and they proposed that the
delay in the onset of turbulence is a measure of the time constant of the
Kolmogonov microscale. Figures 9.19 and 9.20 taken from Rees et al. (1970)
illustrate the delay in onset of turbulence very clearly. The latter dia-
gram shows that although the trail at 108 km remains laminar, the growth
rate of the trail at this point is much faster than could be produced by
molecular diffusion alone.

Figure 9.21, plotted from information provided by Lloyd (1970), shows
the best estimates of the time of onset of turbulence at various altitudes :
for the SL 861 trail. The occurrence of alternate laminar and turbulent

regions is quite interesting and has been observed previously by other
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vorkers (Blamont and Barat, 196T7: Shafi Ahmad, 1969). Both Baker-Nunn
and F24 (£/2.9, 200 mm focal length) photogrephs were examined, the two
gsets of values for the delay are plotted on the diagram. : Care suat be
exercised in interpreting the photographs sgince the explo?;ion of grenades
at 113 and 118.5 km represents a large perturbation: a t@ﬂent regio‘:n
near 115 km separated from the grenade bursts by leminar regions is
apparent on the photographs. The times of onset as daeter;nined are not
incompatible with the hypothesis of the time constant of the Kolmogorov
wicroscale.

It would be expected intultiwvely that turbulence would be most likely
to occur either at a velocity mexize where breakdown of a gravity wave
might be expected to occur or else at regions of maximm wind shear. How-
ever there appears to he no correlation between the onset of turbulence
and either wind speed or shear as can be seen by inspection of the hodo-
graphs (Figures 9.13 and 9.14). Unfortunately no measurements of the
temperature structure over the region of interest are available so that it
is impossible to stste whether small ce-le temperature inhorcgensities
could explain the occurrence cf turbulence.

In order to examine the wind structure at larger scales the vertical
wind shears are presented in the form of structure functions as defined
earlier (§2.2). Provided that the structure function is computed over at
least the correlation distance in the wind profiles (» 1 scale height)

then a reasoneble measure of “he wind shear is obtained. There is a
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considerable difference between the structure functions at 110 km computed
for the morning and evening wind profiles as cen be seen in Figure 9.22.
The differences may be due to & differing spectrum of internal gravity
waves being present on the two occasions.

The measurements of wind shear made with the multi-station radio
meteor equipment are presented in the form of structure functions in
Figure 9.23 for vertical and horizontal separations respectively. The
method of obtaining these functions has been discussed in Chapter VIII.
The difference in slope of the best fit straight lines is readily
apparent by eye with the vertical slope being the greater. Using the
veighted least squares fitting method described in the previous chapter
the .slopes of the best fit straight lines are 0.8 + 0.1 for the vertical
structure function and 0.5 = 0.1 for the horizontal structure function.
Neither of these slopes can be taken as proving the existence of an
inertial sub-range of turbulence for which a slope of 2/3 is expected,
however the difference between the slopes is statistically significant
and must reflect a differing structure. Following the discussion in
§8.2 the vertical structure function can be interpreted as being due to
the mean shear whereas the horizontal structure function may be due to
extreme values of shear snd even to turbulence.

Because of the known existance of turbulence at 90 km from photo-
graphs of the contaminant release trails it is interesting to assume that
the horizontal structure function found by the radio-meteor technique is

due to an inertial sub-range of turbulence. It is then possible to
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deduce some parameters of the turbulent field which can be compared with
parameters determined from the contaminant releases. The only parameter
which can be determined directly from the radio-meteor observations is
the rate of dissipation of turbulent energy €, which is considered to be
the value at the mean height of the meteors, 92 km, its value is 0.0k4S
watt/kg. The parameter most readily measured from the contaminant release
trails is the time of onset of turbulence which from Figure 9.21 has the
value of about 15 secs at 92 km. Rees et al. (1970) have proposed that

the time constant of the Kolmogorov microscale, which has the value
t* = (v/e)® .

is the parameter associated with trail break up (v is the kinematie
viscosity). The kinematic viscosity 18 determined from the viscosity p
and density p of the U.S. Standard Atmosphere Supplements, 1966 and has
the value 7.7 m?/sec at 92 km. Using the value t* = 15 secs deduced
ebove, Rees et al. found the value € = 0.03 watt/kg. This is very
similar to the value found from the radio-meteor studies and is comsistent
with the value obtained by Justus (1967b).

9.4 SUMMARY AND CONCLUSIONS

Simultaneous wind measurements made with a radio-meteor system and
contaminant relesse trails have shown differences which are probably due
to the separation of the two measurements (400 - 500 km). The large wind
shears measured with the contaminant trails have not been detected with

the radio-meteor system. This difference is most probably due to the
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methods of analysis used with the radio-meteor data. A comparison of the
line-of-sight velocity from individual meteors with the wind veloelty
determined from the contaminant releases glves quite good agreement
(correlation coefficients grester than 0.5). Thus the form of smoothing
used on the radio-meteor data must be considered in more detail.

The method of analysis developed by GROVES sppears to be an excellent
method for determining the prevailing and periodic components of the wind
field (for which it was designed), however the application of a time-
independent (TIGA) model appears mmcertain. Very rapid variations in
wind with height, as for example during the time of the morning chemical
release , cannot be followed successfully with the model (TIGA) analysis.
This feilure derives from two sources, the time Intervel necessary to
obtain enough meteors for a stable model and the distribution of echoes
in height. Rapid variations in wind veloclity ir a region of few meteors
usually lead to instebility in the model. Ko satisfactory alternative
analysis has been found although simple averaging over 5 km height inter-
vals may be adequste for some purposes (e.g. comperison with D region
partial reflection drift measurements).

Photographs of both chemical trails (morning and evening) reveal the
existence of extensive areas of turbulence below 110 km. The structure
functions determined by the radio-meteor system indicate the possible
existence of turbulence at least for horizontal displacements. The rate
of dissipation of turbulent energy (L4.5 x 1072 watts/kgm) that can be

determined is not inconsistent with previous measurements. The source
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for this turbulent energy is unknown although the failure of the tidal
components (as deduced from the periodogram analysis) to inecrease with
altitude indicates that some of the tidal energy must either be dissi--
pated in the region or be converted into other forms of motion.

Many of these areas of discrepancy can only be checked by repeating
the experiment agaln prefersbly with a radlo-meteor system at the same
gsite or at least with two successive chemical trails about an hour apart
so that some measure cof temporal changes in the wind field can be deter-

mined.
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CHAPTER X

ROCKET MEASUREMENTS OF WIND AWD DERSITY TH THE
MESOSPHERE AND STRATOSPHERE

10.1 INTRODUCTION

This chapter is independent of the rest of this thesis and is |
concerned with methods of data reduction associated with a meteorological
rocket programme. Since 1962 the Weapons Research Establishment,
Salisbury, S.A. has been engaged in measuring meteorological parameters
in the stratosphere and mesosphere (%0 - 90 km). The most common measure-
ments availasble are wind profiles obtained by tracking some falling object
with an accurate radar (details of the measurement are given in the
following section).

Because the maximum height for which the wind can be measured by
the rocket technique lies within the height range covered by the Adelaide
radio meteor system direct comparison of the two measurements is possible.
Rofe, Elford and Doyle (1966) have shown that excellent agreement is
possible between the mean zonal winds determined by the two methods. Thus
it was natural to attempt to extend this comparison to the small secale
vind structure. However it was found that knowledge of the errors involved
in the wind profiles was limited at that time (1966) and hence methods of
determining these errors were investigated first. This study showed that

the errors in the wind profiles above sbout 60 km were too large to permit
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determination of any structure with scales of 2 km or less and hence no
comparisons with the meteor results were possible.

The error analysis which had been developed proved to be very easy
to incorporate into the standard data analysis procedure and since 1967
has been part of the routine data reduction. As far as is known the
method of determining the radar error described in this chapter has not
been used elsewhere.

10.2 EXPERIMENTAL METHODS

Two methods are used to determine the winds and density (or
temperature). One method is to eject a metallised sphere (2 metre dia-
meter) from a rocket nesr apogee and track the sensor with an accurate
radar. The other method uses an sctive rocketsonde package attached to a
retallised parachute which again is tracked with an accurate radar.

The sphere is released from a two-stage solid propellant rocket
near apogee (approximstely 115 km) and is then inflated to a pressure
of about 0.2 millibar by 70 gm of iso-pentane. The inflated sphere
accelerates essentially in a free fall condition until about 95 km where
the drag retardation becomes measuresble {2 m/sec/sec). Maximm sphere
velocity of 640 m/sec is reached near 85 km ard meximum drag deceleration
of 25 m/sec/sec occurs near T5 km. An FPSI6 radar is normally used to
track the sphere during its descent and hence ensables the velocity and

acceleration of the sphere to be determined.
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The rocketsonde package, which contains sensors to measure the
temperature and pressure of the atmosphere is released from & much smaller
rocket near T5 km. The rocketsonde is attached to a metallised parachute
which is also tracked with an FPS16 radar. The maximum velocity of the
parachute is about 200 m/sec.

10.3 DATA ARALYSIS

The FPS16 radar provides positionsal data of range, azimuth and
elevation at 40 points per second (the primary data). A linear discrete
smoothing technique is used to provide a secondary set of data at 2 points
per second with any points in the primary data deviating from the mean
by more than three standard deviations being ignored. This secondary ‘
data is also converted to a Cartesian coordinate system with an origin at
the launch site.

The veloclity and acceleration of the falling object are determined
from this secondary data using the method originally proposed by Engler
(1965). Because the vertical component of velocity of the object
gradually decreases with decreasing height a decision must be made whether
to use a constant height interval with a variable number of data points or
a fixed nunber of points end a varisble height range. It is generally
argued that in order to preserve detalled structure at lower heights a
fixed number of points should be used. The velocity of the sphere or
parachute is found by applying a sliding linear fit to 31 data points from

the secondary tape; the slope of the best fit line is taken as the



153.

velocity for the midpolnt of that group of points. A further linear fit
is made over 7 welocity points to determine the acceleration.

The atmospheric density 1s found from the weloecity and acceleration
using the following expression (applicable only to a fully inflated
sphere) derived from the equation of motion.

mlg - X3 - 2(w x ¥)3)

p = 10.1
WCpAlul (k3 - W3) + gv

where: 2(w x v)3 1s the component of the Coriolis acceleration in

the vertical direction;

[u] is the velocity of the sphere relative to the wind;

CD is the drag coefficient of the sphere;

.A and V are respectively the area of cross-section and
volure of the sphere;

é is acceleration due to gravity;

m is mass of sphere;

§3,i3 are the vertical acceleration and veloeity of the
sphere;

W3 is vertiecal wind component.

The east-west and north-south components of the wind can be
determined from the relation,

i3(i +C, -B,)
Wi = ii - 1 H 1 i=1,2 10.2

i3 + C3 - By
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where: ii are the components of the velocity of the sphere;

Ci,C3 are the components of Coriolis acceleration;
Bi »B3 are the buoyancy terms.

The eddition of the Coriolis term can be important at the higher altitudes
(> 80 km) while the buoyancy term msy be important at lower altitudes
(below 35 km).

In the case of the parachute the horizontal wind components are

found using the relation

LA , 1=1,2 10.3
X3 - &

The error introduced by neglecting Corioclis and bucyancy effects is only
a few per cent.

For each falling sphere sounding the atmospheric density is calcu-
lated for heights from near 95 km {where the deceleration first becomes
measureble) to U5 km (where the sphere first sterts to deflate) while the
horizontal wind components are calculated for heights from 85 km down to
30 km. Winds are deduced from the parachute cbservations over the height
range 65 km to 30 km.

10.% ERRORS IN MEASUREMENT

10.4.1 Errors in Wind. I. Mean Radar Errors

For the purposes of error prediction, expression (10.3) is
sufficiently accurate for both the sphere znd parachute cbservations. By

applying an elementary theorem of statistiecs to equation 10.3 and neglecting
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second order terms the variance in the wind components is found to be

> .2

2 1 . e 2 L
fo] wi = ’7 31 + 31 7 IO'xi i=122 10.
(2] p2 T p2] prwtel
3=1 k=1 k=1
where: At is time interval between data points (0.5 sec),
P, = J - 16, results from the linear fit of 15 seconds of

position coordinates,

P =% - 4, results from the linear fit to 3 seconds of velocity
determinates,

o, 2 are variance of the position coordinates x

io
1

Substituting for the various constants, expression 10.4 becomes

szi = (1.6120 x 1075 + 11.996 x 107" %3 )azxi, 1=1,2. 10.5
The first term depends on the length of the smoothing interval (in time)
and the second term includes the effect of smoothing the veloecities, and
the fall wveloeity itself. The second term dominates over most of the
height range because of the high values of fall velocity (v 200 m/sec).
To calculate the actual errors :;Ln the wind it simply remains to determine
the variance in the position coordinates.

Two FPS16 radars are in use at Woomera, one radar {R38) is only

a few kilometres to the north east of the launch site while the other (R39)
is gbout 200 km to the west of the launch site. By comparing the positions

of various targets determined by these radars and by ballistic cameras
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Evans end Evens (1963) have been sble to estimate the error in the two
redars (both systemetic and random). These errors are shown in Table 10.1
and represent values averaged over & number of target flight paths and
rader bendwidth settings. Slight differences in the errors for the two

radars are epparent with R30 being the less eccurate.

ERRORS IN FPS1€ RADARS
Range (feet) Flevation (mils) Azimith (mils)
Station
Bias - Random Bias Random Bias Random
R38 -5 11 0.06 0.33 0.06 0.26
R39 1 11 0.09 0.k 0.23 0.3k

TABLE 10.1: Errors in FPS16 Radars at Two Stations at Woomera

These mean errors can be used in equation 10.5 to determine
the errors in a wind profile. Using the two radars to track a falling
sphere two independent zonal wind profiles can be determined as shown in
Figure 10.1. The two wind profiles are consistent below 55 km whereas
sbove thiz height meny differences are observed. The varisnce computed
from expression (10.5) is shown for s few points on the curves. It appears
that the varisances (psarticularly for the R39 profile) are greater than
necessary to explein the discrepancy between the two profiles. It is
possible that the mean radar errors used msy not be the best estimates
possible for the particular trajectory concerned. Evans (1963) has shown
that considerable varistion in the radar error can be expected depending
on the position of the object and the bandwidth of the radar servomechanism

used.
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10.4.2 Errors in Wind. IT. Individual Radar Errors

In view of the discussion in §10.4.1 above an alternative
method of estimating the radar error was adopted so that the errors
associated with each sounding could be determined more relisbly. The
basic assumption is that the secondsry position data (as deseribed in
§10.3) can be considered to be composed of some anslytic function des-
cribing the position of the object with time together with super-imposed
noise. The terms in the Fourler series which describes the analytic
funection should converge while the terms describing the noise should
diverge and hence separation of the noise from the data should be poassible.

Thus the technique used to estimate the radar error is to fit
a truncated Fourier series to the coordinate data and then estimate the
variance by comparing the truncated fit with the original data. The
nunber of terms (m) required in the expansion is decided by the nature of
the fimction. To improve the convergence of the terms describing the
motion it is necessary to remove the discontinuities at the beginning and
end of the function (and its first derivative) describing the motion of
the falling object. This is done simply by removing a linear trend from
the observations and representing the remainder as a pure sine series.

The order of magnitude of the Fourier terms under such conditions varies

as m_3 vhich is a satisfactory degree of convergence (Lanczos, 195T).

If there are n data points Ri at times ti then, after sub-
traction of a linear trend, a set of normalised values 8 can be found

where
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(Rn - A;zﬂti = tl)]
81 b Ri - [Rl + (tn _ tl) J i = 1,2, eve N 10-6

The Fourier series representation: of gy is then
o w(t ~ t)

g(t) =1;£1 b, sin [Efb:_—%—l—] 10.7
where the Fourier coefficients bk are given by the condlition that at the
data points the function shall gzive the normalised values, thus

b, = —2 niz 1 EJEHL% = 1,2 -2 10.8
X mj=1gj+lsnn—1’ 325 oo I .
Truncation of the series at term m is normally done such that m/n < %.
Thus the truncated series representstion of the normalised data is
kn(t - ty)

m
glt) =} b_sin ————
k=1 k tn t1

10.9

A measure of the precision of the fit of the function is the standard

deviation of the residuals,

n
. 2
2 (& - Ey)
g = 10.10
n-1

and this is used as an estimate of the random errors in the observations.
Evans (1963) hss shown that a similar Fourier series tech-
nique produces estimates of the random errors which agree well with
estimates made from comparison of hallistic camera tracking and radar
tracking of aircraft.
The random error in the wind profiles from each sownding is

estimated using the radar errors deduced from the truncated Fourier series



fit. By consideration of a number of profiles deduced from sphere sound-
ings it has been established that the vertical structure with scales less
than 1 - 2 km can only be reliably investigated for heights below 55 km.
The wind profiles shown in Figure 10.1 indicate this limit quite well.
Because of the slower rate of fall of the parachute system
the random errors in the wind profiles obtalned by tracking this device
are correspondingly smaller than those obtained with the sphere. TFigure
10.2 demonstrates this for a zonal wind profile obtained by tracking a

parachute with the more accurate radar, R38.

10.4.3 Error in Density

An expression for the coefficient of variance in density can

be found from equation 10.1,

o, » o] 5 2052 g 2o
D
R R e R R 10.11
D X3 X3

vwhere all second order terms have been neglectcl and where
g is the stendard deviation in demsity:

is the standard deviation in the drag coefficient:

cr}.:3 snd ¢ are the standard deviations in the vertieal
velocity and acceleration respectively;

g is standard deviation in the vertical wind.
o N

Cpy 2
The first term in the sbove expression, (C—D) is due to the
D

experimental error in the determination of the drag coefficient for given
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The zonal wind compeonent measured with a parachute.
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Reynolds and Mach numbers and hence also includes the error in the deter-
mination of the Reynolds and Mach numbers for a given sphere motlon and
position. The error in the drag coefficients can be estimated from the
published data while the Reynolds and Mach number errors can be determined
from the sphere trajectory. Above 60 km this term dominates the

expression 10.11l. The second and third terms,

2c

(

%3 2 6;:3 2
) wa () .
X3
are duve to the radar error and can be ca.lcu;l.ated in the menner described

in §10.4,1. The final term

is usually negligible in magnitude since the vertical wind is small
(less than 5 m/sec).

Figure 10.3 shows a typical variation of the percentage error
in density with height. Since the error in the drag coefficient is
dominant over much of the height range little difference in the demsity
error is found for other soundings. Below shout 45 km the radar error
begins to be important and is particularly noticeable in the case of the
radar at R39. For this site the elevation angle of the object has become

small hence introducing a larger error in position.
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10.5 OTHER METHODS FOR DETERMINING THE ERRORS

Luers and Engler (1967) have evaluated the error in the wind profile
and also the distortion due to the method of data analysis by a different
technique. The method uses a model atmosphere with a sinusoidal wind, the
relevant equationsof motion are solved for the position of a hypothetical
object "falling" through the model. The position data is then treated as
actual data (applying typical radar errors) and a new wind profile produced
vhich can 7> ~omvared with the original model profile.

The advantage of this technique is that an estimate of the optimum
method of smoothing can be found together with possible correction factors.
In practice the wind field is not sinusoidal and any spatial periodicities
are unknown prior to data reduction, hence the optimum reduction method
cannot be decided beforehand. Agaln trial and error methods have to be
employed.

The simple method of error analysis described in §10.k is of more
immediate use particularly in view of the large amount of data already in

existence.

10.6 CONCLUSIORS

At heights above about 60 km the wind profiles measured by radar
tracking of falling spheres and parachutes cannot be used to determine wind
structure with scales of 2 - 3 km or less unless more accurate radars than
the FPS16 type are used. Below 60 km where the variance in the wind deter-
mination is generally less than 5 m/sec it 1is possible to determine the

wind shear over 1 km intervals with a reasonable degree of confidence.



The method of determining the radar error discussed in §10.L4.2
is quite general and appears to be a convenient method of estimating the
error from the data itself. The radar errors found for various trajec-
tories (both falling sphere and parachute) are consistent with other
determinations. However when the single to nolse ratio for the radsr echo
1s low for some reason, for example a partially deflated sphere at large
range, then the Fourier results seem to be more reliable.

The data analysis system, with accompanying error analysis,
described in this chapter has been part of the normal reduction procedure

since mid 1967.



CHAPTER XI

CONCLUSIONS AND FUTURE WORK

This thesis has been concerned with an experimental investigation of
small scale wind structure in the mesosphere and lower thermosphere. The
relationship between these winds and the prevailing, and tidal winds has
been stressed, particularly through the use of radio-meteor observationms.
The results presented in this thesis cover a larger range of scales than
has previously been the case.

A detailed comparison of the winds determined with chemiluminescent
trails, and radio-meteor drifts during October, 1969, is the first com-
parative experiment of this type.

The possibility of measuring wind shears with the falling sphere tech-
nique has been exsmined and shown to be limited by observational errors to
heights below 60 km.

11.1 SMALL SCALE WIND MEASUREMENTS

A review of the literature in the field of the irregular, small scale
wind structure in the mesosphere and lower thermosphere has revealed that
although a large amount of observational material is available the resolu-
tion, either spatisl or temporal, is usually insufficient to ensble an
unequivocable description to be given either in terms of internal gravity

waves or turbulence.



The Adelaide Radio-Meteor System in its present form has been shown
to give reliable measurements of wind shear for reflection point separation:
between 0.5 km and 5.5 km, this latter separation is considerably larger
than had been possible previously. It appears that the structure function
is the best method of presenting the results of this type of observation.
Power laws are found adequate to represent the structure functions for
verticsl and horizontel separstions. The exponents for the vertical structi
functions for the radlo-meteor dats are in close agreement with the value
found by other workers for meso-scale structure in vertical wind profiles
and which can be explained in terms of inertial oscillations. On the other
hand the exponents for the horlzontal structure functions for the radio-
meteor data are close to the value expected for an inertisl sub-range of
turbulence.

The horizontal structure function determined for October, 1969 gives
a measure of the turbulent dissipation rate which is in excellent agreement
with the value that can be deduced from the time of onset of turbulence in
two TMA trails released at Woomera during the observing interval. An
investigation of the irregular sppearance of these trails shows that the
turbulence cannot be associated with any features on the wind profiles end
at the present time no satisfactory explanation of the cause of the turbu-
lence has been foumd.

It is apparent that the types of observation discussed in this thesis
do not permit an accurate assessment of the relative importance of internal

gravity waves in the wind field of the lower thermosphere. Unless internal
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gravity waves can be traced from some specific source up to the levels where
observations are made and theoretical predictions checked, the existence or
otherwise of these waves in the lower thermosphere must remsin an open
question.

The energy necessary for the structure (both small-scale and meso-
scale) observed in the wind field can be provided adequately by the dissipa-
tion of tidal energy (particularly the diurnal component). On the assump-
tion that the horizontal structure functions are due to a turbulent regime,
a value of about 0.0l watts/kg is a reasonsble estimate of the rate of
dissipation of energy near 90 km and hence could represent the amount of
heating due to the dissipation of tidal energy. As the mass of atmosphere
in a column of unit area sbove 90 km is roughly 7 gm/mz, the heating effect
due to the dissipation of turbulent energy is approximately 0.07 m watts/
mz, vwhich is almost two orders of magnitude less than the solar energy
gbsorbed mesar this height (v 30 m watts/m2).

11.2 THE PREVATLIRG AND TIDAL WINDS

11.2.1 General
The observations of the mean seasonal prevalling wind over
the height range T5 - 105 km presented in Chapter VII are compatible with
the wind model proposed by Groves (1969). However there are significant
year to year differences, particularly for the winter meridional wind
pattern, and these suggest that the heat sources and sinks outlined in
Chapter I are not stationary. Unfortunately no comparsble series of

measurements exlst at these heights at other latitudes in the southern



hemisphere so that it is impossible to determine whether the variations
observed are representative of conditions over the whole hemisphere.
Isolated comparisons of the radio-meteor winds with meteorological rocket
observations from Woomers (heights up to sbout 75 km) indicate general

. agreement in spite of the 50 latitudinal difference, and & conmbination of
all existing rocket observations and radlo-meteor observstions should lead
to a better understanding of the wind flow in the mesosphere.

The observations of the tidal wind components point out
quite definitely that both the diurnal and semidiurnal tides are more
variable than present theory will admit. The irregularity of the tides at
these altitudes might be due to variation in the background conditions which
can cause refractive effects and can also alter the heights at which dissi-
pative effects are important. However as Lindzen (1968) has shown intro-
duction of dissipative effects into the tidal equations merely slters the
amplitude of the tidal components and, as might be expected, the phase
chenges are relstively umimportant. Further work, both observational and
theoretical, is necessary before the effect and possible causes of the tidal
variations are to be understood.

Dissipation of diurnal tidal energy at heights near 100 km
must be considered a strong possibility, sinee the amplitudes of the diurnal
and semidiurnal wind components do not increase with height. Woodrum et al.
(1969) have reached a similar conclusion from an snalysis of rocket released
chemical trails. In view of the fact that such a source of heating, which
can vary seasonally, can modify the temperature structure above the meso-

pause &t mid latitudes it is Important that the variation of the tidsl wind
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components with height should be studied in greater detail.

The periodogram analysis, originally used by Roper (1966b),
has been shown to give reliable determinations of tidal components. There
is an gbsence of significant periodic components with periods less than
eight hours, and hence this form of analysis is not sultable for examining
the motion induced by internal gravity waves.

11.2.2 The October, 1969 Comparison

This experiment was the first, as far as is known, to
campare the winds measured by the radio-meteor technique directly with the
winds measured by the chemical release technique. However the separation ¢
450 km between the two measuﬁ:ments places some uncertainty in the con-
clusions that can be drawn since it is impossible to decide unigquely
whether the differences in the observed wind profiles are due primarily
to differences in the measurement techniques themselves or to the existance
of some large scale horizontal eddy.

If the messurements of the diurnal and semidiurnal tide
determined by the radio-meteor system are to be taken as reliable and
roughly applicable to Woomera then it is reasonable to deduce that the
winds observed by the contaminant release method are little influenced
by the relatively small tidal motion (~ 20 m/sec). If this supposition
is correct then the differences in the wind profiles must be explained
either in terms of the influence of large scale horizontal eddies in the
wind field, or differences in gravity wave activity at the two sites,.
However the difficulty which then arises is how to explain the spiral

structure shown in the chemiluminescent wind hodographs. Although the



amplitude is much larger than expected the spiral character is consistent
with tidal theory.

Yet snother possibility is that the method of analysis used
to obtain the radio-meteor wind profiles may not be adequate to follow
reasonably rapld changes in wind speed with gltitude. This 1s supported
by the relatively high correlation between the wind velocity from individue
meteors and the wind veleccelity determined by the chemical trail measurements
It is not unreasonsble to propose that the decrease in amplitude of the
radio-meteor observations might be due to the above cause. However simple
averaging of the radio-meteor winds over 5 km height intervals does not
produce wind profiles vhich differ greatly from the results of the model
analysis. New methods of analysis - particularly in relation to the varia-
tion of the wind with height - are under inwvestigation.

The experiment is to be repested sometime during February,
1971. It is hoped that an improved data reduction procedure for small
amplitude meteor echoesg will be In routine operation by this time so thsat
the usable echo rate will be increassed. Further, it would be an advantage
to obtain measurements of the wind in separate quadrants at times of high
meteor rate leading to a more detailed comperison with the wind profiles
from the T™MA release. Meanwhile an attempt is to be made to modify an
existing transmitter st Woomera to produce 20 kW phase coherent pulses at
25 Mz in order to set up a low power meteor radar. Such a facility would

be extremely valusble for the cormmparison.
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11.3 WIND AND DENSITY MEASUREMENTS BY RADAR TRACKING OF SPHEERES AND
PARACHUTES

A small independent research project has served to determine estimates
of the errors in the wind profiles measured by the radar tracking of falling
spheres and parachutes. It appears that although mean winds ean be deter-
mined up to about 85 km any investigation of vertical wind shears for scales
less than 2 km is limited to heights below sbout 60 km by the errors in the
wind profiles. It would be of considerable interest to make a statistical
study of wind shear below 60 km using all the wind profiles now available
from Woomera,

The method of estimsting the errors in the tracking radar developed
for this project may be useful in other areas of Geophysics where a signal
of limited bandwidth exists in the presence of a large bandwidth background
noise,

11.4 SUGGESTIORS FOR FUTURE WORK

11.4.1 Equipment Improvement

Provided that the ground wave signal is kept near its
present level (v 12 uV across T2 ), the meteor rate currently being
achieved for single station work is quite acceptable for the determination
of the prevailing and 24 hour and 12 hour periodic wind components on a day
to day basis. The main limitation in the use of the system at the moment
is the smount of time required to read the film records (at present data
for some seven months %% still to be read). Installation of an automatiec
data recording faeility with the data written directly in binary form onto

magnetic tape would certalnly facilitate data handling.



An extremely useful addition to the system would be & devie:
which discriminated against false echoes due to interference since, parti-~
cularly during daylight hours, random triggering of the equipment often
causes true meteor echoes to be lost. The possible use of a sgystem
developed for the Harvard Radio Meteor Project (Schnaffner., private com-
municetlion) is being investigated. If all the available information, both
CW and pulse, is used it should be possible to exploit many more small
arplitude meteor echoes thus increasing the usable echo rate.

The multi-station equipment could be significantly improved
by changes in the telemetry system. The present frequency allocations in
the 160 ¥Hz band have allowsble bandwidths which severely restrict the
signal to noise ratio for records from the remote sites. Allocations in tl
4120 Mz band. where a maximum deviation of 15 k¥z is allowed (instead of
5 kHz as used at present), would be ideal. Determination of the range of
the reflective point at each out-station site would be very useful because
of the extras redundancy this would introduce in the determination of the
direction cosines of the trail. With the improvements suggested the numbe
of multi-station echoes should increase dramatically and should also allow
the gystem to produce relisble resuits for sepsarations much closer to the
theoretical maximum of 14 km.

11.k.2 Future Experiments

The most important extension of the present work is co-
operation with other workers using sounding rockets as part of a latitudin
survey of winds in the southern hemisphere. Many of the problems associat

with interpretstion of the tidal and prevailing winds need series of
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observations at different latitudes. It is hoped that a meteor-radar net-
work in the latitude belt 300 - hSON currently being set up under the
auspices of IUCSTP Working Group 10 will add significantly to a knowledge
of the wind systems near 95 km. By operating the Adelaide Radio-Meteor
System in conjunction with stations in the northern hemisphere. a study of
possible differences between hemispheres could be carried out,

Periods of extended operation during the equinoctial months
would ensble a more detailed study of the change between the summer and
winter circulations. Although observations from =z single site are of
limited use in investigating such a complex phenomenon, it is thought that
& iong series of observations can be used to supplement a meteorological
rocket progrsamme.

Further operation of the multi-station equipment should be
contemplated perticularly if the signal to noise ratio in the telemetry
link can be improved. If the echo rate csn be increased sufficilently then
the irregular wind field cen he better determined and may lead to routine
measurements of the wind field in different parts of the observing volume.

If the temporal resolution for the radlo-meteor system can
be improved in the manner outlined gbove, then & combination of this tech-
nique with the chemiluminescent trail technique should be capable of
resolving structures with scales of 1 km or less and quasi-periods of the
order of 10 mins. With that type of cobservation the reiationship between

the various scales of motion should become clearer.
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