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Abstract

This thesis discusses the work done by the author to upgrade the Buckland Park

(BP) VHF stratosphere-troposphere (ST) radar, verify the data from the new system,

plan and run new experiments, and analyse the resultant data in order to study the

scattering and aspect sensitivity of the troposphere.

Between 1995-1998 the system was upgraded to enable Doppler beam-swinging

(DBS) measurements at a wide range of angles, and spaced antenna (SA) measure-

ments in a variety of antenna configurations. The upgraded system is discussed, with

emphasis on the tests that were conducted in order to estimate the various phase er-

rors in the system, including the antenna arrays, the new beam steering hardware and

receivers, and tests to ensure the correct operation of the system as a whole in both

multiple beam DBS and SA modes

The new DBS capabilities of the system, in particular, required that new data

analysis algorithms be developed. These algorithms were necessary to perform the

analysis in the frequency domain and to cope with various new contaminants observed

with the new system due to the increased number of pointing directions relative to

the old system. These algorithms are discussed in detail with valious examples of the

resultant improvement in data quality.

The primary aims of the work in this thesis were to use SA and DBS techniques

together and to examine DBS data at many off-zenith angles, in order to study the

scattering and aspect sensitivity of the troposphere. Two joint DBS/SA experiments

r¡/ere run, an approach which for the most part is not taken in VHF ST studies. The

first deals with a comparison between SA full correlation analysis (FCA) and DBS

data. The main result of this experiment was that in aspect sensitive conditions, d"

values using DBS beams at 3.6o off-zenith and 0.0' were in excellent agreement with

FCA estimates of d", suggesting that the same scattering structures were affecting

both angles.

The second DBS/SA experiment deals with a comparison between SA angle of

arrival (AOA) measurements and DBS data. The main results of this experiment

inclicated that the aspect sensitive structures at small off-zenith angles were tilted

v11



layers. 'l'his was seen in a comparison of the AOA on a veltical beam with powel

differences in off-zenith beams at 3.6'.

Wiih respect to multiple off-zenith beam DBS measurements, most of the similar

studies have their emphasis on examining the behaviour at small, aspect sensitive off-

zenith angles, in relatively short data sets. Instead of this approach, the emphasis of

the muitiple off-zenith beam experiments discussed in this thesis was to examine the

scattering over the full angle range from 0.0o to 22.0" over a large period of time to

quantify the variation in the decrease in power as a function of off-zenith angle, and

to identify the isotropic scattering level. The main result of this experiment was that

the isotropic scattering level occurred at a minimum off-zenith angle of approximately

14.5".

This thesis represents the first use of the upgraded system for atmospheric studies

in the ST region. As such it is a study of the new capabilities of the radar. In addition,

the experiments now possible with the system have provided new information on the

nature of the aspect sensitivity and scattering of the troposphere.
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Chapter 1

Introduction and background

1.1- Introduction

The use of VHF (very high frequency) radars to study the MST (mesosphere-stratosphere-

troposphere) region of the atmosphere, began in the 1970s with Woodman €i Guillén

ll974l. Their work proved the usefulness of the technique for the measurement of

winds and the study of the nature of the scattering medium, and was quickly followed

by other authors reporting results from VHF radars around the world. These radars

receive backscatter from irregularities in the radio refractive index, the exact nature

of which has been the subject of extensive debate since the first experiments were

conducted. The dominant mechanism responsible for backscatter ai VHF is turbulent

scattering. However, early work by Röttger ü Liu [1973] and Gage €i Green [1978]

reported what has come to be known as aspect sensitive scatter, that is, a decrease in

the power of the backscatter with increasing off-zenith angle.

The mechanisms that are assumed to be responsible for the aspect sensitive na-

ture of the atmosphere are backscatter from horizontally stratified layers, which may

be tilted, and anisotropic turbulence, both of which exist alongside the turbulent

scattering structures. The exact mechanism which produces the thin specular layers

responsible for the aspect sensitivity is not fully understood, but numerous VHF radar

observations of the atmosphere over the last 20 years have shed light on some interest-

ing features of the aspect sensitivity of the atmosphere, and the layers believed to be at

1



2 CHAPTER 1, INTRODUCTION AND BACT(GROUND

least partly responsible. These studies include work on the effects of various weather

events on the degree of aspect sensitivity (e.g. Yoe et al. 11994], Hooper €i Thomas

[1995]), the effects of the tilting of the specular layers on VHF radar on vertical velocity

measurements (e.g. Röttger et al. [7990f, Larsen ü Röttger [1991]) and the possible

manifestation of these layer tilts in power measurements made in off-zenith Doppler

beams (Worthington €i Thomas [1996], Tsuda et al.lIgg7al, Tsuda et al. ll997b].

In general, fixed frequency VHF radars operating in the MST region have been used

to study the winds and backscatter of the atmosphere via two distinct techniques. One

centres on Doppler beam-swinging (DBS) using only a single receiver and a narrow

Doppler beam (e.g. Gage ü Green [1978], Röttger et al. llg81]), and the other is

based around the use of multiple spaced antennas (SA) for reception, and includes

the commonly used full correlation analysis (trCA) and spatial domain interferometry

(SDI) techniques (e.g. Röttger €j Vincent ll978l, Vincent €! Röttger [19S0]).

This thesis is based on the results of experiments conducted with the upgraded

Buckland Park (BP) VHF ST (stratosphere-troposphere) radar. Between 1995-1998

the system was upgraded such ihai it is now capable of both DBS measurements at

a wide range of angles, and SA measurements in a variety of antenna configurations.

The thesis covers the construction and testing of the new hardware, the implemen-

tation of software to ensure the reliability of the new DBS results, and the results of

experiments designed to study the scattering characteristics and aspect sensitivity of

the atmosphere, using both DBS and SA techniques. The increased flexibility and

variety of experiments made possible with the new hardware in the BP VHF ST radar

allows for new combinations of experiments that were previously not possible at this

location. In addition, the upgrade brings the BP VHF ST radar up to date with

the increasing number of new VHF radars around the world that are capable of both

multiple direction DBS and SA measurements.

This chapter will describe the general mechanisms and characteristics of radar

backscattering, and the techniques that are used to obtain information about the

atmosphere in general, and radar backscatter in particular. It will provide the back-

ground necessary for the data collection and analysis methods used in this thesis, as

well as the theory behind the results thai are presented in later chapters.



1.2, RADAR BACIßCATTE,RING

L.2 Radar backscattering

Various radars have been used to measure atmospheric parameters in the ST region,

utilising various backscattering mechanisms. Weather radars operate in the I-I0 cm

band and receive backscatter from hydrometeors, while VHF and UHF (ultra high

frequency) radars, which operate in the 1-I0 m and 10 cm - L rn wavelength bands

respectively, receive backscatter from the clear air. VHF and UHF radars are able to

measure wind velocity by receiving backscatter from irregularities in the radio refrac-

tive index, which are assumed to be tracers of the wind motion.

These radars have been termed MST or ST radars in reference to the regions of

atmosphere that they are able to observe; clear-a'ir radars, in reference to the mode

of backscatter; or wi,nd-prof,ling radars in reference to their most common mode of

operation. The term clear-air radars can be misleading because backscatter with

VHF and UHF radars can also be obtained from hydrometeors, while the term wind-

profi,li,ng radars refers to only one measurement capablility of these radars, which is

not an adequate description of their application in this thesis. This thesis is concerned

with the operation of VHF radars in the ST region. Consequently, for the remainder

of this thesis, these radars will be referred to as VHF or VHF ST radars, which denote

the frequency and atmospheric height range of interest.

There are various mechanisms by which backscatter is received from the clear air,

all of which originate from irregularities in the radio refractive index, n, which can be

written (Balsley €! Gase 119801)

3

3.73 x 10-r e 77 .6 x 10-6p
tt-r:-- 

T - ^t-t¿Jo
(1 1)

where p (*b)is atmospheric pressure, e (mb)is the partial pressure of water vapour,

f (I{)is the absolute temperature, N"(m-3) is the number density of electrons, and /s

is the operating frequency of the radar. The three components of the refractive index

are commonly called the wet, dry and ionization terms respectively. The wet term is

the contribution due to water vapour, and is dominant in the lower troposphere, up to

about 5 km. The dry term is due to dry air and dominates from mid-troposphere up

to about 50 lcm, or the approximate height of the stratopause. The ionization term is
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REFRACÎIVI INT]EX VARIATION ôN

F igure 1.1: Schematic of the nature of the scattering processes of Bragg scatter, Fresnel
scatter and Fresnel reflection within a radar range gate of size L,z, after Rottger [1989].

the contribution from free electrons and dominates above the stratopause.

The principal scattering mechanism of VHF radars is called Bragg or turbulent

scatter. This type of scatter occurs preferentially from irregularities of size equal to

one half of the wavelength of the radar. Bragg scatter can be isotropic or anisotropic,

depending on whether or not the irregularities of the refractive index are homogeneous

and statistically similar in all radar beam pointing directions.

Other types of scatter result from stratification in the structure of the radio re-

fractive index. Fresnel reflection is caused by backscatter from a single discontinu-

ity of refractive index of large horizontal extent, while Fresnel scatter is caused by

backscatter from many such discontinuities within the radar beam volume. Figure 1.1

is a schematic of these scattering mechanisms. The strong horizontal stratification of

these Fresnel structures make them aspect sensitive in the same manner as anisotropic

turbulent scatter. Backscatter from a radar beam pointed to the zenith is enhanced

by the presence of these layers, whereas scatter from off zenith beams is not. Early

in the debate over the nature of the echoes which caused aspect sensitivity, the issue

whether anisotropic turbulence or thin specular layers were the cause. It is now gen-

erally accepted that the two mechanisms co-exist, although the task of attributing a

given case of strong aspect sensitivity to one mechanism or another is difficult.

The measurements of Gage €i Green [1978] and Green €l Gage [1930] showed

F
(¡
l¡.¡À

ôz

Sragg scatlec

Fresnet refteet ion

F¡ernrt scålfer



1.2. RADAR BACIßCATTERING

that enhanced backscatter from radar beams directed vertically was accompanied by

enhanced atmospheric stability as shown in temperature measurements made with

radiosondes. Observations of layered structures in the temperature fleld of the atmo-

sphere have been made by Lane [1964], Lane llg68], Bufton [1973] and Dalaudier et al.

f 1994]. The results of Dahudier et al. [1994] in particular, which were made at a resolu-

tion of 20 cm, using balloon borne sensors, showed the existence of strong temperature

gradients or "sheets" associated with regions of high static stability, which accords well

with ihe findings of Gage €i Green [1973] and Green ü Gage [1980] . Dalaudi,er et al,

[1994] have not only proven the existence of layered structures in the temperature field,

but also that these layers are capable of causing enhanced vertical radar backscatter.

Following the modelling work of, Gage U Balsley [1980], which provides the reflectivity

of an individual sheet in the atmosphere, Dalaudi,er et aI. llgg4] used their balloon

data to construct a refractivity profile which they compared with backscatter profiles

from a nearby VHF radar. Their results indicated that scatter from the temperature

gradients accounted for a significant fraction of the vertical radar echoes. In addition,

the authors reported evidence that the sheets were not flat and horizontal. Other

evidence that the specular layers are not exactly horizontal has come from spaced

antenna measurements of the angle of arrival of the scatter in a vertical beam (e.g.

Vi,ncent 8 Röttger [1930] , Palmer et al. 11991]) and, recently, from Doppler beam

swinging experiments with the highly flexible MU radar in Japan. These beam swing-

ing experiments, by Tsuda et al. 17997a] and Palrner et aI. lLggSl have revealed that

measurements of power at a range of angles close to zenith sometimes show that the

maximum power comes from some small off-zenith angle.

The exact production mechanism of these specular layers is the subject of ongoing

debate. Luce et al.ll995l discussed the mechanisms proposed by Gossard et al. [1985]

and Hocking et al. [1991] and their applicability to the measurements of Dalaudier et al.

[1994]. The modei of Gossard et al. ll985l is based on "sheet and layer" generation

associated with turbulence, while the model of Hocki,ng et al. 17991] proposes that

viscosity and/or thermal conduction could be responsible for layer formation above

the tropopause. Luce et ø/. [1995] concluded that neither of these models in their

present forms were capable of accounting for the balioon borne observations.

5
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Figure 1.2: Backscattered power as a function of off-zenith angle from 0o - 28' after
Tsuda et.al. lI997a]. The dashed line is the radar antenna gain squared, the dash-dot
line is the turbulent scattering level, and the solid lines respresent a model function
calculated by Tsuda et.al. ll997a].

The aspect sensitive nature of the atmosphere is best viewed by directing radar

beams to a number of off-zenith angles. Ear:ly measurements of this nature have been

made by Gage ü Green [1973] , Green ü Gage [1980], Röttger et al. [1981f , Waterman

et al. [7985], Tsuda et al. 179861. From these measurements, it is generally held that

radar beams directed at angles greater than about 10" will be unaffected by aspect

sensitive scatter. Independant evidence of this fact comes from the balloon studies

of Luce et al. 11996], who, in a similar vein to Luce et al. 11995], have compared

the radar backscatter at an off-zenith angle of 15" with an isotropic scattering model

which utilises the balloon data of Dalaudi,er et al. 179941. Their results indicated that

isotropic scattering is the dominant scattering mechanism at 15' off-zenith.

The dominance of isotropic scattering at off-zenith angles larger than 10o means

that less aspect sensitive scatter is observed at these angles. However, the recent

work by Tsuda et al. [7997a] has shown that there are times when off-zenith beam

angles greater than 18" are required to consistently observe purely isotropic scattering.

t
I
ì
I

t

t
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I
I
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1.3. THE DOPPLER BEAM SWIATGIATG METHOD

Figure 1.2, from Tsuda et al. ll997a] shows the fall off of power as a function of off-

zenith between the vertical and about 18o, indicative of aspect sensitive scatter, while

the independ.ance of power as a function of off-zenith angle between 18o and 28o is

indicative of isotropic scatter. The almost constant po\ /er in this latter range of angles

is called the isotropic scattering level.

In recent years, many measurements of the scattering and aspect sensitivity of the

ST region of the atmosphere have been conducted. Some of these studies have concen-

trated on investigations of the nature of the specular layers which are believed to cause

the aspect sensitivity. These measurements have focussed on calculating the angle of

arrival of the scatter in the beam of the radar, to investigate the possibility that the

layers may be tilted with respect to the vertical direction. Other work has focussed on

studying the nature of the polar diagram of the backscatter, either by simply viewing

multiple beam scatter, as shown in Figure I.2, or by using a mathematical param-

eterisation of the polar diagram of the scatterers in order to quantify the scattering

conditions.

Before a discussion of the methods of these studies can be presented, it is first nec-

essary to discuss the techniques used by VHF radars to measure various atmospheric

parameters. The remainder of this chapter will deal with methods and analysis, rather

then specific results as discussed in the literature, which will instead be presented in

later chapters where relevant to the presentation of the work in this thesis'

1.3 The Doppler beam swinging method

VHF studies have their roots in DBS measurements, as the first investigations by

Wood,man €j Guittén [1974] were conducted with a Doppler radar. As such, the DBS

technique is the most common VHF radar technique in the ST region, partly due to the

ease with which the requisite narrow beams can be created at VHF wavelengths, and

partly due to the fact that the technique and associated analysis are easily understood.

Hoclc|ng [1997a] has recently compiled a comprehensive list of raclars operating in the

MST region. It shows that of lhe 24 radars listed as being capable of ST or MST

observations, all are capable of DBS measurements while only eight are capable of

I



8 CHAPTER 1. INTRODUCTION AND BACI(GROUND

utilising spaced antenna techniques.

The most common application of VHF radars in the ST region is to measure the

wind velocity. This is achieved in a Doppler radar by directing a beam at off-zenith

angle 0, and azimuth angle /, to measure the radial velocity V,

V(0,ó): usin 0sinþ * usin 0 cosþ ! wcos0, (L2)

where u, u and ?ll are the zonal, meridional and vertical velocities respectively.

Under the assumption that the atmosphere is statistically homogeneous on hor-

izontal scales larger than the separation of the radar beams, two off-zenith Doppler

beams clirected at off-zenith angles d and -0 in a single plane can bc uscd to measure

the horizontal wind velocity I/¿ in the plane

1

Vn : z"i' e(Ve - V-e), (1.J)

where W and V-6 are the radial velocities in the plane at the relevant off-zenith

angles. As such, normal DBS operation involves directing narrow beams vertically to

measure the vertical velocity, and off-zenith to the north and south to measure V¡, inthe
meridional direction, and to the east and west to measure Vn jnT,he zonal direction. The

transmission and reception beams are identical in the DBS method, usually formed by a

large array of individual antenna elements to form a single aperture. DBS experiments

require a single receiver to collect the data, although the same effect can be achieved

by summing the phase coherent output of mrltiple receivers.

There ale two basic ways to analyse DBS time series to obtain atmospheric param-

eters; correlation analysis in the time domain, and spectral analysis in the frequency

domain. The radial velocity I/, measured by a Doppler beam can be calculated in the

frequency domain by using the equation

u - ^U"-- 
Í) 

.2 ' (1'4)

where ) is the radar wavelength, / is the transmitting frequency of the radar and

/¿ is the frequency of the signal returned by the atmosphere, which has been Doppler

shifted by the motion of the scatterers, which are assumed to be tracers of the wind



1.3. THE DOPPLER BEAM SWINGI¡\IG METHOD

motion. While in the time domain the radial velocity can be calculated by using the

equation

V ^rdó (1.5)2rdr'
where À and V, have their usual meaning and ff is the rate of change of phase

of the returned signal. Including the radial velocity, there are three main parameters

that are measured in either analysis method. These parameters are calculated from

the power spectrum in the frequency domain and the auto-correlation function in the

time domain. Figure 1.3 shows these functions in the two domains and the par¡meters

that are measured in each of them.

In the frequency domain, the three parameters of interest are directly associated

with the moments of the spectrum, which are a set of variables related to the Gaussian

shape of the spectrum, as can be seen from Figure 1.3. The zeroth.moment rns is equal

to the signal power P, which is commonly used in conjunction with the noise level N,

to calculate the SNR (signal-to-noise latio) of the echo. The zero|h moment is equal

to the area under the peak in the power spectrum, which corresponds to the peak

amplitude of the auto-correlation function in the time domain, and is written

TTLo - su)d,r, (1 6)

where ^9(/) denotes the power spectrum as shown in Figure 1.3. It should be

noted here that the spectrum .9(/) used in this equation has first had the noise level

ly' subtracted.

The first moment m1 is written

,trl1 : I z" ¡ sç¡¡a¡, (1 7)
J

and is used to calculate the frequency shift h of the peak in the power spectrum.

This is equivalent to #,, the slope of the phase of the auto-correlation function in the

time domain. The frequency shift is calculated from the moments via the equation

I

^ Tflç¡

JD: 
-,Tfl,1

(1 .8)
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Figure 1.3: Functions used to calculate the atmospheric parameters using the DBS
method. A power spectrum is shown at the top of the figure and an autocorrelation
function at the bottom.
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1.4. SPACED A¡\rT,E¡\r rA METHODS

which can then be used to calculate the wind velocity.

Finally, the second moment m2 is written

11

(1 e)TTt,2 Qr f )2 su)d,Í,I
and is used to calculate w¡, the width of the peak of the power spectrum which

is a measure of the degree of turbulence in the volume sampled by the beam. The

spectral width is calculated from the moments via the equation

)2
Tft t
TfIg

uJ: (1.10)

In the time domain this measurement is related to LD,, the width of the amplitude

of the auto-correlation function, which is a measure of the lifetime of the echo. Atmo-

spheric parameters can be calculated from spectra by simply calcuiating the moments,

or by fitting a Gaussian function to the atmospheric peak to obtain the position, width

and area below the peak.

There are advantages and disadvantages inherent in either domain. In the fre-

quency domain, contaminating scatter from precipitation, ground clutter and the like

are visible as spectral peaks which makes them relatively easy to identify and remove,

compared to the same task in the time domain. But analysis in the time domain has

the advantage of efficiency; if none of the afore-mentioned contaminants exist, analysis

via the auto-correlation function is faster and less computer-intensive. All of the DBS

analysis in this thesis was performed in the frequency domain using power spectra, by

fitiing a Gaussian function to the atmospheric peak.

t.4 Spaced antenna methods

Spaced antenna (SA) methods refers to those techniques which use the signals recorded

at a number of spatially separated receiving antennas. Figure 1.4, from Holdswortl¿

[1995], (adapted from Vandepeer ll993l) summarises the full family of techniques. Of

these analyses, the work presented in this thesis is concerned with the use of full

correlation analysis (FCA), to determine the degree of aspect sensitivity, and spatial
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domain interferometry, to determine the angle of arrival (AOA) (sometimes calied the

mean angle of arrival MAOA), from data collected with the upgraded BP VHF ST

radar.

Spaced antenna techniques were first applied to VHF data from the ST region by

Röttger 8 Vi,ncent [1978], and Vincent €4 Röttger 11980] who made both the FCA

and layer tilt measurements. Both of these techniques utilise a single transmit beam,

usually formed by a large array of individual antennas, and a number of broader

reception beams, usually formed by subgroups of the original transmission array.

The essential idea of the spaced antenna methods is to sample the diffraction

pattern produced by the transmit beam, on a number of receivers. For both the

FCA and AOA analysis, the output of the receivers is cross-correlated to provide

information on the time and phase delays between antennas. This information can

then be used to calculate the motion of the ground diffraction pattern, the so-called

"apparent" velocity between pairs of antennas, or the AOA of the signal between any

two antennas. FCA is applied to data from a minimum of three non-colinear antenna

groups to correct for the effects of the non-stationarity of the scatters in the diffraction

pattern (turbulence). The resulting velocity is called the "true" velocity.

L.4.t Full correlation analysis

The basis of the FCA is that the spatio-temporal correlation function of the ground

diffraction pattern can by described by a family of ellipsoid. (".g. Briggs et at. [1950]).

The temporal characteristics of the spatio-temporal correlation function are parame-

terised by the "correlation parameters" which are determined from the amplitudes of

the auto- and cross-correlation functions, as shown in Figure 1,b.

The determination of these correlation parameters for a given data set, results in

atmospheric parameters such as the "true" wind velocity, the direction of the prevailing

wind, and the orientation and elongation of the scatterers. The mathematical details

of the determination of the atmospheric parameters from the correlation parameters

are beyond the scope of this thesis, but are described in full by Holdsworth llggS].
Despite this, in order to understand the information that the FCA can provide about
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Similar Fades

Mitra [1949]

MAOA determination

Rottger and Ierkic [985]
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Kudeki and Woodman [1990]

Ultrasonic mage former

Holmes [1974]

Post-set beam steering (PBS)

Rottger and Ierkic [1985]

Full Spectral Analysis (FSA)

e.g. Briggs and Vincent[1992]

spatial correlation analysis(SCA)

e.g. Briggs [1968]

Full Conelation A¡alysis (FCA)

e.g. Briggs [1984]

Phase fittingradar
interferometry (PFRI)

e.g. Van Baelen and Richmond [1990]

imaging Doppler interferometry (IDI)

e.g. Adams and Brosnahan [1986]

Magnitude

Dispersion Analysis

e.g.Jones and Maude [965]

Non selected imaging radar
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e.g. Fra*e et al. [1990]

radar
interferometry (MSIRD

e.g. Meek and Manson [1987]

Position shift imaging radar
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e.g. Farley et al. [1981]

Figure 1.4: Taxonomy of spaced antenna techniques, after Holdsworth [1995], adapted
frorn Vandepeer 11993].
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xo.sxtjU

Figure 1.5: Schematic of the auto- and cross- correlation functions, p(t) and p;¡Q)
respectively, showing the correlation parameters used by the FCA. The parameters
are the fading time r¡.5 which is the lag where the auto correlation function equals

0.5, the cross-correlation maximum po;¡ and corresponding lag r!¡, and the lag t¿¡

where the auto-correlation function equals the zero lag cross-correlation function, after
Holdsworth [1995].

the radar backscatter, it is useful to describe the atmospheric parameters that are

determined from the various correlation parameters. The description provided by

Holdsworth [1995] is utilised for this purpose.

The horizontal velocity or true velocity is determined from the cross correlation

function maximum delay times, rlr, once the effects of random changes in the ground

diffraction pattern have been accounted for. The elongation of the characteristic ellipse

is parameterised by the axial-ratio, Ro,, and is caiculated frornr¡¡, which is the lag at

which the auto-correlation function equals the zero-lag cross-correlation functions, and

r!¡. The pattern scale, ,Ss.5, is usuaily defined by the "geometric mean" of the major

and minor axes of the ellipse. It is, however, sometimes defined by the "geometric

mean" of the major and minor axes so that

c_TrnajÀr0.5 _ 
Æ

This method of calculating 
^9s.5 

provides an indication of the average

the characteristic ellipse. Another useful parameter from the FCA is the f

(1.11)

"radius" of

ading time,
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16.5, which is the lag where the auto-correlation function equals 0.5. The fading time

is directly related to the spectral width of the Doppler technique.

There have been a number of comparisons of the horizontal velocities produced

by both the Doppler and FCA techniques with other techniques throughout the MST

region. These comparisons, with rockets (e.g. Vincent et al. llg77]), balloons (e.g.

Hocking [1997ó]) and meteor drifts (e.g. Ceruera €i Reid [1995]) have in general

shown good agreement, at least below 90 km. However, there have been only a few

direct comparisons of FCA and DBS velocities in the ST region; including the stud-

ies by Vi,ncent et al. 1L987] and Van Baelen et al. [1990], which both showed good

general agreement between the two techniques. Similar comparisons at MF (medium

frequency) in the mesosphere have also shown good agreement (e.g. Reid [1988]).

L.4.2 Angle of arrival analysis

The first AOA measurements in the ST region were made by Vi,ncent €! Röttger [1980],

followed by Röttger Ü Ierlcic [1985], who proposed the method that is most commonly

used. The AOA is a measure of the power-weighted mean position of the radiowave

backscatter, calculated from the cross-correlation phase difference between pairs of

receivers. Figure 1.7 shows the manner in which this information is retrieved from the

cross-correlation function.

Using a simple geometric calculation, if the distance and phase difference between

two receiving antennas i and j are denoted d,¿¡ and þ¿¡ respectively, then the incidence

angle, or AOA, in the plane defined by the vertical direction and a line joining the two

receiving antennas is given by

in

to

th

US
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rilred
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+

Ar- 4z L,

Figure 1.6: Schematic of the phase difference induced between antennas 1 and 2rlry
the tilting of a refractivity layer, adapted fronr Rottger k lerkic [1985].

p0
Phase

Amplitude Pn

þn rrz t (secs)

Figure 1.7: Schematic of an ideal cross-correlation function for the signals received
in two spatially seperated antennas, 1 and 2. The slope of the phase of the cross-

correlation function is a measure of the angle of arrival of the signal between antennas
1 and 2, adapted fuorn Rottger k lerkic [1985].
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A number of AOA studies have been carried out in the ST region since the first

efforts by Vi,ncent €J Röttger [1980] and Röttger €j Ierlcic 11985]. These studies include

Röttger et al. [1990], Palmer et al. lI99If , Larsen ü Röttger [1991] , VanBaelen et al.

[1991b] and Palrner et al. [1998]. With the exception of the last of these studies, the

determination of the AOA was with the aim of examining and/or correcting the effect

of the tilted layers on vertical velocities. The last of these studies, that by Palmer et al.

[1998], extended this aim by examining the relationship between the AOA observed

on spaced receivers, and the power distribution in beams directed at small off-zenith

angles. The assumption with AOA measurements is that the measured incidence

angle is equivalent to the location of the peak in the backscattered power distribution

as a function of off-zenith angle. Palrner et al. llggSl showed that this assumption is

reasonably accurate, and were able to calculate an incidence angle from the off-zenith

power which agreed well with that from the spaced antenna measurements,

1.5 Techniques to measure aspect sensitivity

Var-ious modelling studies have attempted to relate the behaviour of the scatter as

seen in Figure I.2 to the behaviour of scattering structures in the atmosphere. Studies

includethoselry Gage €! Balsley [1980], Doui,ak €i Zrnió [1984], Waterman et al.[1985]

and Tsuda et al. 11997a]. In terms of characterising the general form of the scatter as

seen in Figure 7.2, the most commonly used parameterisation is to assume that the

polar diagram of the scatterers has the form

erp(-sin27 f sin20"), (1.18)

where d" is the 7le half width of the backscatter polar diagram, often termed

the aspect sensitivity parameter or factor. For highly aspect sensitive scatter, d" ap-

proaches 0", while purely isotropic scatter is characterised by larger values of d". In

practice, d" values in excess of about 10" to 20o can be regarded as almost isotropic.

Hocking U Harnza [1997] have made use of the parameterisation to distinguish be-

tween scattering from anisotropic turbulence and reflection from specular layers. The

authors concluded that the minimum d" value that can be expected if observed aspect
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ongle 9¡ p. çÞ

Figure 1.8: Schematic of the effect of aspect sensitive scatter on the effective angle of
an off-zenith beam. The antenna beam is biased back towards zenith, resulting in an
under-estimation in the horizontal wind velocity measured in the beam, afler Rottger

[1e81].

sensitivity is the result of anisotropic turbulence is 5o, while they assert that 0 , values

less then this limit are probably the result of specular reflection from layers.

Both DBS and SA methods have been used to calculate d" in the NIST region using

both MIt and VHF radars. This thesis is concerned with measurements made in the

ST region using VHF radars only, but it should be noted that measurements of d, in

the mesosphere at MF, using a variety of techniques have been made by, for example,

Lindner [1975a] , Li,ndner [1975b] , Hocking [1979] , Fritts €j Vi,ncent [1987] , Reid [1988]

and Lesicar ü Hocking ll992l.

1.5.1 Doppler beam swinging methods

Figure 1.8 from Röttger [1981] shows the effect of aspect sensitive scatter on off-zenith

Doppler beams. It can be seen that the finite width of the angular spectrum causes the

off-zenith beam to be biased towards the vertical direction, which would result in an

under-estimation of the horizontal velocity in that Doppler beam. The fact that the

aspect sensitivity alters the measurement of parameters in off-zenith beams is utilised

by most of the DBS methods of calculating á". Assuming that the two-way polar

diagram of a vertically pointing radar beam can be written

'a
*.'S
a

"r\

è
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erp(-sin20 f sin20o), (1.14)

where d6 is the beam width, Hocki,ng et al. 119861 has derived relationships that

enable the calculation of the aspect sensitivity parameter, d", as well as the bias induced

in an off-zenith beam.

Measurements of the signal power) P(0), as seen on a vertical beam and an off-

zenith beam directed at angle d¿, where the subscript A denotes the apparent beam

direction, can be used to form the ratio r : P(0)lP(d¿). From this ratio of powers,

0" can be determined

0s : arcsinl(-sinzï¡f tnr - sin20o¡I1,, (1.15)

and the effective beam direction, d6, resulting from this measured aspect sensitivity

can be calculated

0ø: arcsinlsinï¡l(7 ¡ sin2ïsf sin20")] (1.16)

Another method of calculating d" from powers in Doppler beams that has been

used in the ST region is a slight variation on the Hocking et al.llg86l technique. The

method of Hooper €i Tltomas [1995], avoids the use of power observed on a vertical

beam in favour of that measured on two off-vertical beams at off-zenith angles fu and

0n

0s: arcsinf((sin202 - sinz0r)flnr - sin20o1i1, (1.17)

where ,:P(ît) I P(02).

These two methods are used to calculate d" in this thesis. Other DBS methods of

measuring 9" in the ST region are described by Hoclci,ng et al.179901. These alternative

d" calculation methods involve attempting to estimate the degree to which the radial

velocity (in an off-zenith beam) or spectral width (in a vertical beam) are underesti-

mated due to the presence of specular scatterers. However, these methods are not in

common use.
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DBS measurements of d" in the ST region have been made by a number of authors,

mainly using the technique of Hocking et al. 179861, but also by the method described

by Hooper €i Thornas [1995]. Studies include those by Hocking et al. [1990], Yoe et al.

[1994] , Thomas et al. 1L997] and Jai,n et al. ll997l.

L.5.2 Spaced antenna methods

One method of calculating d" from SA data is from the FCA output parameters. This

method is called the spatial correlation method. The spatial correlation method relates

the pattern scale, ^9s.5, and axial ratio, Ro,, to the IlehaE width of the effective polar

diagram of the scatter, 0"a,by the equation

0 (1.18)
2^15 Jtr;

sb ,So.s )

where I has its usual meaning. The aspect sensitivity can then be calculated from

0,u l¡y using the equation

sin-20": sin-20a, - sin-20¡r, (1.1e)

where d6 is the beam width.

Another SA method of calculating d" utilises the post-set beam steering technique

of Röttger U lerlcic [1985] to determine the effective beam direction. The principle is

described in Vandepeer U Reid 179951. The FCA spatial correlation method is used in

this thesis to calculate d" values from SA data.

The fact that the DBS technique is by far the most popular method used on VHF

ST systems has meant that there have been few studies of d" made using the SA

methods in the ST region. Studies include the work of Vincent €4 Röttger [1980] and

Vincent et al. 119871.

1-.6 Motivation and scope

The motivation for the work presented in this thesis was to examine the nature of the

scattering and aspect sensitivity of the lower atmosphere with a variety of techniques,
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made possible with the upgrade of the BP VHF ST radar.

One aim was to use SA and DBS techniques together, an approach which has for

the most part not been taken in earlier studies. In particular, there has been only

one comparison of the relationship between the distribution of power as a function of

off-zenith angle and the AOA measured in a spaced antenna arrangement; there have

been few experiments comparing the wind velocity as measured by ihe spaced antenna

FCA and DBS techniques in the ST region; and, there have not been any experiments

which compare á" as measured using both DBS and FCA methods in the ST region.

It is worth noting here that Lesicar €l Hocki,ng [1992] have made such a comparison

in the mesosphere.

Another aim was to study the scattering of the atmosphere ovet a large range of

off-zenith beam angles, over an extended period of time. In section 7.2, it was noted

that a number of authors have investigated the distribution of power as a function of

off-zenith angle. For the most part, however, the data for these studies were collected

over very short time periods, ranging from one hour, up to 25 hours in duration.

As such, one aim in the present work was to observe the nature of the distribution of

power at many off-zenith angles in an extended data set, in order to gain a quantitative

understanding of both the variability as a function of angle, and the angular ranges

where aspect sensitivity and isotropic scatter dominate.

A substantial part of this project was to actually build and test the hardware added

to the system in the upgrade, and to develop analysis routines to handle the new data.

This thesis is therefore organised as follows.

Chapter 2 describes the radar with emphasis on the new capablilites of the system,

and the author's contribution to the construction and testing. These new capabilities

meant that this project was the first implementation of many-beam DBS measurements

with the system. In addition, prior to the upgrade on the radar, all DBS analysis on the

BP VHF system was performed in the time domain where contaminants could not be

easily identified and removed. For these reasons) new analysis routines were developed

by the author to analyse the DBS data in the frequency domain using spectra, and

cleaning algorithms were developed to remove the various contaminants from the data.

These procedures are described in Chapter 3.
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The BP VHF ST radar is a relatively low power radar. As a result, it was only

possible to consistently obtain radar data with high time resolution and good time

coverage from tropospheric heights. As a result of this limitation, the results in this

thesis have their emphasis on time coverage rather than height coverage. The details

and results of these experiments are discussed in Chapters 4, 5 and 6. In Chapter

4, a comparison of FCA and DBS data collected with the new system is presented.

In Chapter 5, a comparison of DBS and AOA data is presented. While Chapter

6 discusses a study of DBS data collected in many beam directions, in data sets

comprising several days.



Chapter 2

The new VHF Doppler

beam-swinging radar

2.L Introduction

The Buckland Park (BP) VHF ST radar operates at a frequency of 54.1 MHz (ap-

proximate wavelength 5.5 m), a peak po\¡/er of 32 kW and is located about 35 km

north of Adelaide, at the Buckland Park field station (34"37'5, 138'29'tr). The field

site also houses an MF radar (I.98 MHz), a VHF boundary layer radar (54.1 MHz)

and a three-field photometer, and. is situated on a flat plain, approximately 3 km aT the

closest point from the coast of the Gulf of St. Vincent. The nearest orography is Ade-

laide Hills, some 50 km to the east, making the site essentially free from topographic

effects, as westerlies dominate the local prevailing wind conditions.

The original BP VHF ST system was commissioned in 1984 and was designed for

bistatic spaced antenna (SA) measurements and east-west monostatic Doppler beam

swinging (DBS) measurements. First results appear in Vi,ncent et al. ll987l. Since

that time, the system has been used for the study of cold fronts (Moy [1986] , Low

[1996]), and associated gravity wave activity (Eckermann €j Vincenú [1993]), turbu-

lence (Hocking €i Mu [1997]), meteor wind measurements (Ceruera €i Reid [1995]),

meteor shower observations (Ceruerø [1996]) and Faraday rotation measurements of

.ìt
Ltl
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meteor echoes (Elford (! Taylor [19971). Beam-swinging on the system was only avail-

able in the east-west plane, and was enabled via a series of phasing cables which were

changed manually. This meant that beam-steering at multiple angles was only pos-

sible by physically replacing the phasing cables after each data run. The system was

capable of steering the beam to angles of 4o, 7o and 11o for atmospheric work, and 30o

for meteor work. For atmospheric work, the system has been mainly run in SA mode,

due in part to the fact that DBS was only obtainable in the east-west plane.

In 1995 work was begun to upgrade the radar to a flexible, electronically steered

system, capable of DBS measurements at a variety of angles between data sets 1 in both

the east-west and north-south planes, and SA measurements on multiple receivers. A

new, antenna array was constructed and installed on top of the original transmission

array. Both arrays can be split into groups allowing SA measurements to be made

in a variety of configurations. A new receiver and data acquisition system (RDAS)

capabie of multiple gain settings and equipped with six receivers was installed, as

well as a personal computer (PC) with on-line data analysis software, enabling instant

fault diagnosis and correction at the field site. Beam steering on this new system

is now possible with a resolution comparable to the beam-width of the radar via

relay switched phasing cables under computer control. The new facilities of the radar

for fast, multiple beam DBS measurements within a data collection period, and SA

measurements on multiple receivers, make the system ideal for interesting combinations

of these techniques.

The author's role in this upgrade was in the construction, testing and installation

of the beam steering hardware. As such, this chapter will focus on the tests conducted

by the author on various aspects of the new haldware including the new antenna array,

the circuit boards and phasing cables that comprise the beam steering system, and the

full radar in both DBS mode at a variety of off-zenith angles, and SA mode on muitiple

receivers. Also included in this chapter are details of the debugging and fault-finding

that was applied to the radar as a whole when the new beam steering hardware was

being installed.

lThe system is not designed for inter-pulse beam steering.
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2.2 Antenna arrays

The new system consists of two orthogonal arrays of coaxial-colinear (CoCo) dipole

rows (see Balsley €j Ecklund ll972l, Judasz [1983]), as shown in Figure 2.1. The two

sets of antennas are arranged such that the dipole rows in the North-South arcay2

are orthogonal to the dipole rows in the East-West array. Note from Figure 2.7 that

the arrays are actually aligned along a north-south axis that is 4o west of north, and

parallel with the MF radar a ray at the BP field site. This alignment of the aruays

from true north was set so that the array is aligned with the site boundaries. The area

covered by the coincident arrays is approximately square, being almost 7900 nz2 with

sides of length close to 89 rn each.

The original East-West array consists of 32 CoCo rows 3 which are split into two

groups, separated by one wavelength (À), to accommodate the transmitter caravan

between them. The new North-South array consists of 64 CoCo dipole rows, 32 on

either side of the caravan. The rows in each array are centre fed, separated by À12 and

raised À/4 above the ground. Each row in the East-West array consists of 48 half-wave

dipoles; 1536 dipoles in all. The rows in the North-South array consist of two strings

of 22 half-wave dipoles each; 1408 dipoles in all. Each dipole has a physical length of

0.67À to account for the velocity propagation of the signal within the cable. In order

to improve the efficiency of the array, there is a ground plane beneath the antennas

which consists of inclividual copper wires, spaced Àf 4 aparT, in both directions. Both

arrays are weatherproof. This was achieved by applying a silastic coating applied

to the joins between pairs of antenna elements, and then wrapping the joint with

ultra-violet resistant covering tape. The antennas in the existing East-West array

were weatherproofed in this manner over a period in 1995, while the new North-South

array was weatherproofed as it was being constructed in 1996.

These CoCo arrays can be used for both transmission and reception in DBS or SA

modes. In addition to the CoCo arrays, the system also contains three sets of 16 Yagi

antennas each which can be used for reception only. In the original SA radar system

2North-South refers to the array that produces northward and southward pointing beams, while
East-West refers to the array that produces eastward and westward pointing beams.

3Note that the beam is swung in the east-west plane so antenna rows are aligned in the north-south
direction.



26 CHAPTER 2. THE NEW VHF DOPPLER BEAM-SWINGI¡\IG RADAR

+Oal}
rlOaO
+Oac
+O'O

3 Element Yagi o

oa+a
oa+a
oa+a
oa+a

aa+o
aa.DO
aarll}
aarlo

Feed Point to transmitter

Transmitter Caravan

4

N (true)

Coaxial Collinear
(CoCo) antenna

(48 elements)

4 Ground plane wires

-zWPre-amplifier hut

+
+
+
+
+
+

+-
+
-+
-+
+
-+

+
+
+
--o-

+-
-+

+
+
+
-a-
+
-tts

-{-
+-
+-
+-
-¡F

+

+
+
+
+
+
+

Radar Building
Receivers

Data Processing

Recording

Test Array (36 elements)

T
T

Figure 2.1: The Buckland Park VHF radar array and associated buildings.
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described by Vincent et al. [1987] the East-West CoCo array was used for transmission

while the three sets of Yagi antennas were used for reception, thus comprising a bi-

static radar system. The BP VHF ST system is shown in Figure 2.1. Also shown in

this diagram is a general purpose VHF test array.

2.2.L Antenna array phase checks

DBS on transmission is achieved by inserting phase delays between antennas, in hard-

ware. A basic assumption therefore, is that a vertically directed antenna array should

have equal values of phase at each of the elements of the array. In early 1997, measure-

ments of the phase at each of the centre feeds for a vertically pointing beam on the new

North-South array were carried out. These measurements were made using a current

probe (or current detector) identical to the one constructed by Ceruera [1996], and

used by Ceruera [1996] and Low [1996] for measurements of the phase on the existing

East-West CoCo array in 1992. For the measurements on the new array, the probe

was reconstructed owing to its deteoriation since the 1992 measurements. Figure 2.2

shows a diagram of this device.

The phases at the centre feeds of each row were measured by first feeding a test

signal at 54.1 M H z into the row from the transmitter caravan. The current probe was

then placed a fixed distance from the centre feed and used to measure the amplitude

and phase of the signal appearing on the antenna from the ca avan. Finally, this phase

measurement was compared with a phase reference which was taken from the test

signal, prior to it entering the row antenna. In initial current probe measurements,

it was found that the position of the cable back to the caravan from the current

probe had a large affect on the results. When the cable lay on the ground directly

above buried feeder cables from the caravan to the antennas, the amplitude and phase

measurements were quite different to measurements on the same antennas when the

cable was remote from any buried cables. In order to avoid this 'pick-up' of current in

underground cables, the cable back to the caravan was kept away from the centre of

the array where the underground cables are buried.

The current probe itself consists of a double loop of coaxial cable, through which
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Figure 2.2: (a) A schematic of current probe on a row antenna of the CoCo array, (b)
a close up of the coaxial cable component of the loop antenna and (c) a schematic of
the current probe in action. After Ceruera [1996].
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South array, while the north-south axes correspond to the full distance covered by the
32 paired dipole rows of the North-South array.

any current fed into the centre feed of the row antenna is detected. A grounded copper

tube placed over the row antenna shields the loop antenna from electrical radiation

of the CoCo antenna so that any current measured in the loop antenna is induced

by the radiated magnetic field only. In order to increase the coupling between this

loop antenna and the CoCo row antenna, a ferrite core is placed around the copper

shield and through the double loop of the loop antenna. Ferrite beads were also placed

on the cable back to the vector voltmeter to help in shielding the signal from stray

'pickup'. A more in depth description of the original design and construction of the

current probe can be found in Ceruera [1996].

Figure 2.3 shows the resuÌts of these measurements. The top left plot is the actual

phase measurements made at the centre feeds of the two halves of the North-South

array, while the top right piot shows a surface fitted to the measurements. The bottom

two plots show the two orthogonal cross-sections of the fitted surface. It can be

slope=0.244 degrees
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seen that there is a net phase slope of the array of approximately 0.24o from east

to west; the slope in the north-south direction is insignificant in comparison. This

means that a nominally vertical beam will actually point at an off-zenith angle of

approximately 0.24", in the westward direction, assuming that the physical slope of

the ground beneath the array is zero. This 0.24" off-zenith angle measurement is of

the same order of magnitude as the 0.13o eastward value resulting from the slightly

tilted East-West array) as seen in the results of Low [1996] for the 1992 phase test

measurements. In addition to these electrical phase slopes, Kazempoura has measured

the slope of the ground under the Buckland Park CoCo arrays with a high degree

of precision. These measurements reveal a marginal slope beneath the array which

resuÌts in a net beam pointing direction of 0.18" from the zenith, at an azimuth angle

30o west of south.

As well as providing useful information on the electrical phase tilt of the antenna

array, the use of the current probe to check the phasing of the amay turned out to be a

useful tool in the identification of a balun that was incorrectly wired when the antenna

array was constructed. The balun at the centre of each row of antennas is constructed

by connecting the underground coaxial cable from the transmitter caravan firstly to

one side of the centre, then via a À12 loop of coaxial cable, to the other side of the

centre. This introduces a 180" phase difference across the centre feed of each of the

antenna rows. Initial testing of the phasing of the antenna array using the current

probe revealed an approximately 180o phase difference between a measurement on one

antenna that and that on all of the others. A simple check of the construction of the

offending balun revealed that the 180o phase delay across the centre feed had been

introduced from the wrong side of the centre feed. This was corrected, bringing the

phase value as measured by the current probe back in line with those on the other

antenna centre feeds.

aPrivate communication, 1996
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Cable length n'¿m, Ideal phase delay degrees

tr2
248
484

1038

7932

IL.25
22.5

45.0

90.0
180.0

Table 2.1: Phasing cable lengths and corresponding ideal phase delays

2.3 New beam steering hardware

The main design criteria of the new beam steering hardware was to be able to swing

the beam of the radar with a resolution of the same order of magnitude as the full

beam width; approximately 3.6". This requirement set the minimumphase difference,

A/, between antennas separated by distance d, equal lo 71.25" via the equation

Ló:!rir\, (z.I)

where d is the off-zenith angle and ) is the wavelength of the radar. Other phase

differences are then integer multiples of this minimum phase difference, such that the

full range from 11.25o up to 360" between antennas can be achieved. These phase

differences correspond to the cable lengths that must be inserted between antennas

to achieve the desired delays. For example, the minimum phase difference of 11.25"

corresponds to À132 where ) is approximately 5.5 m. Five cables of lengths: Àf 32,

^176, ^18, ^14 
and À12 are needed to produce the full range of phase differences.

In practice, coupling between cables in close proximity to one another, meant that

these cable lengths did not produce the exact phase differences required. As such, some

effolt was spent trying to optimise the cable lengths to get the maximum number of

angles as close to their ideal value as possible. The phasing cables were optimised

in order of decreasing length, due to the fact that the largest cable lengths make the

greatest contribution to any phase delay that they are required for. Table 2.1 shows the

final lengths of the five phase delay cables and the corresponding ideal phase delays.

Once the optimum lengths of the five individual cables had been selected, 64 sets of

cables were measured, cut and stripped, prior to installation on to the printed circuit
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Figure 2.4: Top face of a beam steering card, note the five phasing cables

boards which enable the selection of the phasing cables to be computer controlled.

One set of five cables is required for each of the 64 antenna rows in the North-South

array) and two sets of five cables, combined into 32 pairs, are required for each of the

32 antenna rows in the East-West array. The beam swinging unit was designed to

swing a beam either on either the North-South array, or the East-West array, so that

the 64 sets of phasing cables are inserted into one array or the other. Both arrays

are connected to the beam swinging rack, but only one of the two arrays is phased,

transmitted into and received from at any given time. The phasing cables were then

installed along with relays on to printed circuit boards (or cards), thereby enabling

electronic switching between various cable combinations for a given antenna Low.

Sets of eight beam steering cards were combined into one rack, along with an ad-

ditional circuit board, called a driver card through which communication between the

interface unit and the phasing cables on the beam steering cards is facilitated. These

eight racks were then stacked into a large chassis, along with a power supply and an

inter-face card to enable communication with the PC in the receiver hut. Photographs

of a single beam steering card appear in Figure 2.4 and Figure 2.5, while Figure 2.6 is a
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Figure 2.5: Bottom face of a beam steering card.

schematic of the beam steering hardware as it appears in the chassis in the transmitter

caravan. Appendix A contains a circuit diagram of a beam steering card.

2.3.L Testing of phase steering cards and error implications

As each rack of eight beam steering cards was built, the phase delays of each of the

cards were tested in a variety of ways. For the first rack built, the phase delays on

each card were checked for every possible combination of cables on the card. Initially,

the phase delay was measured on a single card where only that card had the relevant

cables switched in. Then, the phase delay was measured on the same card, where all

of the eight cards in the rack had the relevant cables switched in. Figure 2.7 shows

the difference between the average phase delays as measured on the eight individually

switched cards, and the average phase delays as measured on the eight cards switched

in unison, as a function of ideal phase delay. It can be seen that this difference is

positive for all but one of the angles, which implies that the effect of switching in

phasing cables on many cards at once is to slightly decrease the measured phase delay

on any one card.
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N/S input

Unselected
input

Logic
Input

Figure 2.6: Schematic of the eight beam steering racks in the chassis with the other
associated beam swinging hardware, in the transmitter caravan at the Buckland Park
field site. Each circle on the rack is a BNC connection. The racks in the chassis

are, from top to bottom, the antenna patchboard, the 64 to 16 combiner (or 16 to 64

splitter), the eight beam steering racks, each containing eight beam steering cards, the
rack containing the PC interface card which controls the beam steering logic, and the
power supply which provides 5 V and 24 V to the beam steering cards.

E/!V

Tx
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Figure 2.7: Differences between phase delay measurements made on each of eight cards
with only a single card switched at a time, and phase delay measurements made on
cards with all eight cards switched at once.
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Figure 2.8: Differences between the average phase delays of the first two beam steering
racks and the corresponding ideal phase measurements. Triangles represent results
from the first rack and diamonds represent results of the second.
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Ideal phase delay d"g f cables Mean abs. difference (deg

0 0 0

1r.25 22.5 45.0 90.0 180.0 1 0.93

33.75
135.0

56.25

19r.25
67.5

202.5

107.25

225.0

772.5

270.0

2 t.75

78.75

236.25
r23.75
247.5

146.25

287.25

t57.5
292.5

2L3.75

315.0

3 3.73

168.75 258.75 303.75 326.25 337.5 4 5.r4
348.75 b É. tt

tJ. t)t)

Table 2.2: Ideal phase delays for all possible combinations of cables. Aiso shown are

the number of cables required to produce a given phase delay, and the mean absolute
differences between phase delay measurements made on the 16 cards of the first two
beam steering racks and their corresponding ideal values.

Measurements of the phase delays on each of the eight cards for all possible cable

combinations, with the relevant cables on all of the eight cards switched in at once, were

also made for the second of the eight racks. The average of these eight measurements in

each rack, represents the average phase delay for each combination of phasing cables,

for the rack as a whole. Figure 2.8 shows the difference between these average values

and the ideal phase delays for a given combination of cables, as a function of ideal

phase delay, for the the two beam steering racks measured.

The shape of the curves in Figure 2.8 is explained by the number of cables that

are required to produce the desired phase delay on a card. Table 2.2 lists the values

of the ideal phase delays and the total number of delay cables required to produce

them. Also shown in Table 2.2 is the mean absolute difference between the phase

delay measurements on the 16 cards in the first two racks and the corresponding

ideal phase delay values. It can be seen that the deviation of a given phase delay

measurement from the ideal value increases as the number of phasing cables that are

switched in, increases. 'l'hese results reveal that tbr any combination of phasing cables,

the resultant phase delay produced on the beam-steering card is within just over 5o of

the ideal value.

In practice, this small error in the absolute phase delay applied to a given beam

steering card is insignificant. This is in part due to the cyclic nature of the difference
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360

240

180

r20

60

0

0 B 16 24
Antenna row number

32

Figure 2.9: Phase slope across the North-South CoCo array to produce an off-zenith
angle of 3.6". Also shown is the linear flt and slope to the measured values.

between the measured and ideal values, as seen in Figure 2.8. Over the full 32 rows

of antennas, the differences between the measured and ideal values almost completely

cancels out, leaving a phase slope across the array) or an off-zenith angle, within a

fraction of the ideal value. Figure 2.9 shows the phase slope across the North-South

array for an off-zenith angle of 3.6o, measured on a single card from the second beam

steering rack. It can be seen that the slope is only fractionally different from the ideal

value of 11.25'. This difference produces an angle on the sky 0.03" different from the

ideal value. The phase slopes averaged over all 16 cards for the first eìght off-zenith

angles, from 3.6" to 30o, differ from the ideal for a given zenith angle by less than

0.05" (not shown). This value is small compared to both the beam width of the full

CoCo arrays, and the error introduced into the beam pointing direction caused by the

antenna phase slopes, as discussed in Section 2.2.1.

For the remaining six beam-steering racks, phase delay measurements were made

on each of the eight constituent cards for the case where only the same single cable

was switched in on each card. In this way only the primary phase delay angles of

11.25", 22.5o, 45", 90' and 180o on each card were measured. By combining these

measurements with the same from the first two racks, an indication of the variation in

these primary phase delay values can be obtained, as well as the consistency that can

be expected in the phase delays for all of the 64 beam steering cards. These results

300

õ
q)

Ë
q)
U)
õ

Êr

slope=11.35 degrees
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11.25
22.5

45.0

90.0
180.0

72.1

23.8

43.5

90.7
180.1

0.2
0.3

0.4
0.7
0.4

Table 2.3: Ideal phase delays for single cables and the corresponding mean measured
phase delay values, as well as their standard deviations, for al1 64 cards of the beam
steering unit.

are presented in Table 2.3. Because of the fact that the cable lengths were optimised

from the largest length to the shortest, the mean phase deÌays are closer to ideal for

the larger lengths.

These results show that the beam steering unit can provide the required antenna

phase delays with an accuracy and precision that will place the beam of the radar

at the desired off-zenith angle, to within a fraction of the ideal value. Later in this

chapter preliminary tests of the radar at the Buckland Park field site over the full

range of angles will further verify the correct operation of the beam-steering unit.

2.3.2 Polar diagrams of the arrays

The antenna beam pattern, or polar diagram of the radar antenna array is a useful

guide of the characteristics of the array, such as the width of the main lobe and the

position of the sidelobes. Figure 2.10 and Figure 2.11 show the model one-rvay polar

diagrams of the East-West and North-South arrays respectively, for vertically pointing

beams. It can be seen that the two are very similar, the only minor difference being a

slight increase in the power of the primary sidelobes of the North-South array relative

to the East-West array. The half-power-half-widths of the one way (transmission or

reception) polar patterns of thefull arrays are 1,6o and 1.5o for the east-west direction

and north-south directions of the East-West a ray respectively, and 1.6o for the east-

west and north-south directions of the North-South array respectively.

The caiculations of the parameters of the model polar diagrams depicted in Fig-

ure 2.10 and Figure 2.II do not include the effects of factors such as an imperfect
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Figure 2.10: Cross-sections through the one way polar diagram of the East-West array
for a vertically pointing beam. Solid lines denote the east-west cross-section and
dashed lines denote the north-south cross-section.
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Figure 2.11: Cross-sections through the one way polar diagram of the North-South
array for a vertically pointing beam. Solid lines denote the east-west cross-section and
dashed lines denote the north-south cross-section.
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ground plane, random errors in the phase and amplitude and phase of the current

supplied to the elements, and attenuation of the signal along the CoCo rows. Ceruera

[1996] has included these factors in his polar diagram calculations. His results of show

that these factors lead to polar diagram half-power-half-widths approximately 0.1o

greater than those quoted above.

2.4 Transmitting and receiving systerns

The placernent of the beam steering unit in the transmit/receive (T/R) path of the

radar is shown in Figure 2.12. This diagram shows that 64 cables from the 64 beam

steering cards are connected to each of the 64 North-South array antenna rows, while

another 64 cables from the cards are combined into 32 pairs, which are in turn con-

nected to each of the 32 East-West array antenna rows. The beam steering cards have

been set up so that pairs of adjacent cards are switched to the same angle. Pairs of

cards are then connected to one antenna row in the East-West array, and to a pair

of rows either side of the transmitter caravan that makes up one antenna row in the

North-South array.

From the beam-steering rack the 64 beam-steering cards are then connected to a,64

to 16 combiner. The 16 outputs of this combiner are connected to the 16 T/R switches.

In transmit mode, these switches pass 500 I4l of power from the 16 power amplification

(PA) modules, through each beam steering card, to the antennas. In receive mode, the

16 outputs of the T/R switches are combined via a 16 to 4 combiner, to four ouputs.

These outputs can be combined in a variety of ways depending on the experiment.

Figure 2.12 shows each of these four ouputs connected to an individual preamp and

then to each of four receivers in the receiver and data acquisition system (RDAS)

which is housed in the receiver hut. Other options, not shown in Figure 2.12, incltde

combining the four outputs of the 16 to 4 combiner into two receivers, each being

connected to half of the appropriate array, or combining all four outputs of the 16 to

4 combiner to one receiver in the RDAS.

The RDAS houses six receivers. Data can be collected with variable gain settings

over the range ftorn 0-42 dB. Although the CoCo arrays can be split into as many
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Figure 2.13:

CoCo arrays

(c) (d) (e)

Schematic of some possible antenna configurations of the two orthogonal

sections as there are receivers, four receivers are adequate to carry out the analysis

discussed in Chapter 1. Figure 2.13 shows the antenna combinations that are now

possible with the new radar hardware. For the North-South array, a combination of

configurations (b) and (c) is also possible. SA experiments presented in this thesis were

conducted in each of these combinations (except for (d) which is just the reverse of

(e)). DBS experiments were run by either combining the output of multiple receivers

to form a single Doppler beam in later analysis, or by combining the array groups in

hardware, to collect data on a single receiver.

The installatìon of the new RDAS and beam swinging hardware into the system

revealed a number of potentially damaging features of the interaction between these

two new pieces of hardware and the existing transmitter hardware. In order to en-

sure the safety of the system as a whole, it was necessary to implement a number of

hardware adjustments. For the benefit of future users of the system, and in order to
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document the changes that were made, these modifications will be described

2.4.L TYansmitter lockouts

Two new hardware lockouts were installed in the system to prevent the transmitter

becoming operational in the event that the T/R switches were in receive mode, and

in the event that the beam swinging hardware was swinging to a new beam direction.

Logic gates were installed in the transmitter caravan where the T/R, Tx trigger,

(where Tx here means transmit) and beam swinging signals enter from the receiver

hut. Figure 2.14 shows the signals involved in these lockouts.

The first stage of Figure 2.14 prevents the Tx trigger signal, which provides infor-

mation about the pulse length of the transmit beam, from triggering the transmitter

in the event that the T/R switches are not in transmit mode. Only if the T/R switch

signal is high (transmit mode) and the Tx trigger is high (on) will the Tx trigger signal

be allowed to pass this gate. If the T/R switch signal is low (receive mode) the Tx

trigger signal is sent low (off) also.

The second stage of Figure 2.I4 is an extra stage made necessary by the intro-

duction of the new beam swinging hardware. The relays on the cards in the beam

swinging rack are not designed to be transmitted through while they are switching.

The RDAS software does not attempt to switch the beam while the transmitter is

operational, but the second logic gate shown in Figure 2.14 was added as an extra

safety measure. This gate will only allow the Tx trigger signal to remain high (on) if

the beam swinging signal is not high (beam not swinging). In the event that the beam

swinging signal is high (beam swinging) the Tx trigger signal is sent low (off).

2.4.2 Preamp protection

Extra preamps were required to run the system in the split array modes now possible,

as shown in Figure 2.13. The system now has four new preamps which have approxi-

mately 25 dB gain and are poweredlry \2 I/ from the receivers in the RDAS. Initial

attempts to install the preamps and conduct sky noise runs with the system failed

when the preamps were damaged by unexpected voltages entering from the antennas,
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T/R Switch

Tx Trigger

Tx Trigger

Beam Switch

Figure 2.74: Logic gates controlling the transmitter. In the first stage the Tx trigger
signal is kept high (on) only if the T/R signal is also high (on). In the second stage
the Tx trigger is kept high (on) only if the beam swinging signal is not also high (on).
If the beam swinging signal is high, the Tx trigger signal is sent low (off) and no
transmission occurs.

which pass through the T/R switches to the preamps, as shown in Figure 2.12. This

voltage was found to be the result of inadequate grounding of the backplane on the

existing T/R switch rack. Up to 60 7 peak-to-peak enters the preamp from the T/R

switches when an entire CoCo array is combined and connected into one preamp, and

then one receiver. A redesign of the back plane of the T/R rack is the ideal way

around this problem, but for simplicity, an alternative solution was implemented in

which diodes were connected across the antenna inputs to each of the preamps. This

solution protected the preamps from the 60 I/ from the T/R rack such that they can

now operate within the system as required.

2.4.3 RF interference v/ith beam-steering logic

Initial tests incorporating one of the eight beam steering racks into the transmit path

ofthe radar were unsuccessful. The layout ofthe electronics on the beam steering cards

has logic circuitry and RF (radio frequency) lines in close proximity to one another.

This design led to the RF actually triggering the beam steering unit into changing the

phase delays on the beam steering cards. A solution involving a series of RC filters
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Figure 2.15: Sky noise as seen on the two orthogonal CoCo arrays of the radar over a
two day period. The peaks on each day are due to the passage of the galactic centre
through the beam of the radar. The units on the y-axis are arbitrary.

was implemented which protected the logic lines from the RF passing through the

cards. The single beam steering card shown in Figure 2.4 and Figure 2.5 has this

extra circuitry in place. The final switching time of the beam swinging rack in the

system is of the order of I-2 seconds, after the addition of the filters and the delays

designed to prevent the beam position changing when the radar is transmitting.

2.5 Doppler beam-swinging tests

As a first test of the operation of the new North-South CoCo array, a noise run was

conducted on the radar, with a vertical beam only. The North-South array was used

for transmission, while both the North-South and the East-West arrays were used

for reception on single receiver each. This test verified the use of the North-South

array for transmission as well as the similarity of the response of the two arrays to

sky noise. Figure 2.15 shows the results. It can be seen that the sky noise profile

obtained from the North-South array is slightly more variable. This could be due to a

variety of factors which include greater noise and interference generated by traffic on
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4
East-llrest array

5.0x 10

3.0x 10
4

4

0

10 L2 t4 16 18 20
Time of day (LT) on 20/t0/97

Figure 2.16: The galactic centre in five beams on the East-West array. The beam
off-zenith angles are, from left to right, 30o east, 14.5o east, 0o, 14.5o west and 30o

west.

the local main road, due east of the Buckland Park field site. This noise is more likely

to affect the returns on the North-South array which was used for transmission as well

as reception. The orthogonal polarisation of the East-West array with respect to the

transmission of the radar in this experiment, means that backscatter will be received

with relatively less power on this array than on the North-South array, which could

explain the reiative lack of noise on the East-West array.

Once the beam swinging hardware was installed, a noise run was carried out on

all 62 possible beam directions. The beam of the radar was swung from vertical on

the North-South array, through all the 15 off-zenith directions to the south and then

to the north, followed by a vertical beam on the East-West array, and then aÌl 15

off-zenith directions to the west and then to the east. Figure 2.16 shows the results for

the off-zenith angles east 30o, east 14.5o, 0o, west 14.5o and west 30o on the East-West

array only, while Figure 2.17 shows the results of this noise run, for all angles to which

the beam was pointed.

The position of the peak that represents noise from the galactic centre can be used

to verify that the beam of the radar is pointing in the right direction. The rotation
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of the earth relative to the galactic centre means that the galactic centre appears to

move from east to west at a rate of approximately 15o an hour. This means that the

five beams shown in Figure 2.16 should observe the peak approximately an hour apart

from one another. It can be see from Figure2.L6 that this is the case, within the time

resolution of the data set, which was limited to 20 minutes between successive points

in a given direction, and accounting for the fact that the radar is not aligned exactly

east-west (see Figure 2.1).

Figure 2.17 shows the behaviour of the galactic centre in all 62 beam directions.

The top diagram shows the peak representing the galactic centre as seen in the range

of eastward pointing beams from 69.6o east to vertical, from left to right. The galactic

centre enters the eastern-most beam first, 69.6" off-zenith to the east, and appears

later in each successively smaller off-zenith eastward beam, as expected. The second

diagram from the top shows the galactic centre as seen in the range of westward beams

from vertical to 69.6" off-zenith to the west. The galactic centre is seen in the vertical

beam first before appearing in each successively larger off-zenith westward beam, as

expected. Note that the galactic centre takes relatively less time to pass through the

full range of eastward beams than it takes to travel through the corresponding range of

westward beams. This is a geometrical effect of the fact that the array is not aligned

exactly along the east-west plane, combined with the effects of the irregular shape

of the galactic centre. The galactic centre is an elongated shape rather than a point

source) which means that the beam of the radar beam samples different slices of the

centre in the eastward and westward directions leading to this time slewing effect when

comparing the times for symmetrical off-zenith angles in the two directions.

The third diagram from the top and the bottom diagram show the behaviour of

the galactic centre in the northward and southward pointing beams respectively. The

galactic centre passes to the north of Adelaide and, as such, it is expected that the

peak will be seen in more northward pointing beams than southward pointing beams.

It can be seen from these two bottom plots that this is the case. The combination

of the results presented in Figure 2.16 and Figure 2.17 show that the beam-swinging

unit is operating as required.
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2.6 Receiver tests

As discussed in Chapter 1, the phase of the cross-correlation function at zero lag

between time series received on a pair of channels, or, equivalently, the phase differ-

ence between a pair of channels, can be related to the angle of arrival (AOA) of the

backscatter seen by the radar. The time variation of the AOA of the backscatter is

an interesting and important measurement for the purposes of studying the changing

orientation of tilted layers that may be present in the atmosphere. In order to take this

measurement accurately, it is necessary to know what the base variation of the phase

difference between receivers is, independant of any atmospheric variation. This will

give an indication of the minimum AOA measurement that can be accurately made

with the system.

An experiment was set up to combine all of the antennas into one output, but

instead of putting this one antenna into one receiver, in the normal DBS conflguration,

the output was split into four and connected to four receivers. In this manner each

of the four receivers were seeing exactly the same antenna and any variations in the

phase of the cross-correlation function at zero lag as a function of time were due to

the receivers, cables, and other hardware. The beam was directed at a range of angles

from 0.0o on both the North-South and East-West arrays, to 3.6" and 10.8o off-zenith

in all four directions. Figure 2.78 shows a time series of the phase difference between

pairs of receivers for the times when the beam was directed vertically on the East-West

array. The data in this figure have had the mean removed and are shown averaged

over the range gates from 4 - 8 lcm,, where the atmospheric signal is strong.

It can be seen frorn Figure 2.18 that there is a slight diurnal variation as a function

of time in all but the data for receiver pairs 1 and 3 and 2 and 4. The data from these

two pairs have less variation then the other pairs and show no systematic time varia-

tion. The diurnal variation is probably due to changing temperature in the VHF hut

housing the RDAS. Vandepeer [1993] saw a diurnal variation in the phase differences

between receivers in the RDAS of the BP MF system, which were initially housed in

a hut without airconditioning. The variations shown in Figure 2.18 are significantly

smaller than the t10o seen in the work of Vandepeer [1993], which is probably due to
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the higher quaiity of the new receivers in the VHF system, as well as the fact that the

VHF hut is airconditioned. It is of interest to note from Figure 2.18 that the smallest

var-iations over time are between receivers which are physically separated from one

another by one receiver. It appears that there may be some "cross-talk" between re-

ceivers which are physically next to one another in the RDAS; receiver pairs 1 and 2,2

and 3, and 3 and 4, which may result in the relatively larger variance seen in the time

series for these pairs. The only pair which doesn't follow this trend is the pair which

are physically separated by the greatest amount; receiver pair 1 and 4. It is not clear

why the variation for this pair is not as small as that for the other separated pairs.

Figure 2.19 shows histograms of the phase differences between receivers for the test

data set. Data from the vertical beam on the North-South array are shown, where the

histograms were formed using data from range gates between 4 - 8 km. The standard

deviation over these range gates, over all beam directions, was calculated to be less than

+5'. It can be seen from Figure 2.19 that the half-widths of the histograms, assuming

a Gaussian form, are consistent with this value. By using Equation 2.1, an estimate of

the "wobble" in the beam direction as seen by the four receivers can be gained. This is

the lower limit in the time variation of the AOA that can be observed with the system,

a limitation imposed by the radar hardware. Using the minimum separation between

the antenna groups, as shown in Figure 2.13, of 4À, Equation 2.7 gives an off-zenith

angle variation, due to the system, of 10.2o. For larger antenna group separations this

figure becomes even smaller, and by using the receiver pairs which have the smallest

time variation, this "wobble" reduces to less than t0.1o. Note that this variation is

of the same order of magnitude as the tilt of the antenna arrays introduced by phase

errors on individual antenna rows, as discussed in Section 2.2.1.

2.7 Summary

In this chapter the Buckland Park VHF ST radar has been described, with particular

emphasis on the new beam swinging and multiple receiver capabilities of the system.

The radar has been upgraded to a flexible system, capable of DBS measurements at

a variety of off-zenith angles in all four cardinal directions, and SA measurements
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with a variety of antenna configurations. The majority of this chapter discusses the

tests that were conducted on the system to ensure the correct operation of the new

hardware. These tests covered antenna phase checks, beam steering hardware phase

tests, receiver phase tests, tests of the operation of the new North-South array, and

final tests of the full system, using the beam-steering hardware to point in all possible

off-zenith beam directions, and using multiple receivers.

The beam-swinging tests on the system indicate that beam-swinging on the sys-

tem is working as expected, as seen through various combinations of beams viewing

the galactic centre. The phase errors in the system, which have implications for the

accuracy of the beam pointing direction and the validity of AOA measurements were

estimated. The erlor in the pointing direction of the new North-South array due to

the phasing of the antennas was measured at 0.24o , while the same on the East-West

array as measured by Ceruera [1996] was 0.13o. The phase erroïs on the individual

beam steering cards was estimated to result in a 0.05' error in the direction of a given

off-zenith beam. While the minimum AOA that can be measured with the BP VHF

ST system as a whole was estimated at approximately 0.2", depending on the dis-

tance separating the reception antenna groups. This lower limit is due to small phase

variations inherent in the system as a whole.
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Chapter 3

Analysis of DBS radar data

3. 1 Introduction

In Chapter 1 the mannet in which information about the atmosphere can be extracted

from Doppler beam steering (DBS) power spectra was discussed. Ideally the power

spectrum will look as it is depicted in Figure 1.3. In practice, however, the spectra

often contain many contaminants which complicate the information retrieval process.

The majority of data in this thesis were collected using the DBS technique, it was

therefore an important task to ensure that any contaminants that might degrade the

DBS results were properly accounted for.

The identifrcation of the true atmospheric peak in VHF spectra has been the subject

of much literature over the last 10-15 years, due to the fact that VHF radars have

become increasingly common over this period. As such, this chapter will begin with

a discussion of some of the main contaminants that have been seen in the literature

and some of the attempts that have been made to measure the true wind velocity in

contaminated data. The remainder of this chapter wili then focus on the algorithm

developed by the author to reduce the effects of contaminants in the data, identify

and measure the true atmospheric peak in the spectra, and ensure that the resultant

atmospheric parameters are consistent with their neighbours in both time and height.

55
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3.2 Problems in the analysis of VHF radar data

One of the big advantages ihat VHF radars, in the lower frequency band, have over

iheir higher frequency VHF and UHF counterparts is that their longer operating wave-

length means that they are not as sensitive to some of the contaminations that seri-

ously affect UHF and high frequency VHF radars. The Bragg scattering mechanism,

through which most atmospheric radar backscatter takes place, displays the following

relationship between radar wavelength À and radar reflectivity ri;

(3.1)

By comparison, Rayleigh scattering from hard targets exhibits the following rela-

tionship;

-4

, _lrl:^ 3

(3.2)

On comparing these two equations it can be seen that Rayleigh scattering domi-

nates Bragg scattering at shorter wavelengths. This means that the low waveÌength

of UHF radars makes them particularly prone to contamination from small hard tar-

gets such as birds, (e.g. Wilczak et al. lI995l, Merritt [1995]) and precipitation (e.g.

Ralph [1995], Ralph et al. 179961). Precipitation can also be a problem for lower fre-

quency VHF radars, but it is not nearly so serious in the sense that the atmospheric

backscatter echo can usually be detected in the data, whereas the precipitation echo in

data from higher frequency radars often completely dominates the atmospheric echo.

Ralph [1995] has shown that only heavy rain is likely to appear regularly in lower

frequency VHF radar data; whereas Rayleigh scattering from hydrometeors is likely

to exceed the atmospheric scatter under conditions of light rain or even drizzle with

higher frequency radars.

Another hard target contaminant that affects both UHF and VHF data is aircraft

echoes. The size of aircraft relative to the wavelength of VHF radars makes them

very effective scatterers. The big difference between the contamination observed from

precipitation or bird backscatter and aircraft backscatter is the duration of the con-

tamination. Bird migrations and precipitation events are often observed to last for

n )
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hours or even days at a time, while airplanes are usually only present in the beam of

the radar for a short time. The CLOVAR radar system,l described by Hocki,ng [1997ó],

is situated beneath major flight paths out of Detroit and Chicago. As discussed in

Hocking [1997å], approximately several hundred aircraft pass close to CLOVAR every

day, with a resultant average contamination period in affected time series of about 10

seconds. Hocki,ng [1997ó] describes the use of an algorithm which identifies aircraft

contamination in time series by searching for strong rising and falling signals which

persist for about 10 seconds. In addition to this check on the time series, the data

collection procedure outlined in Hocking 11,997b] involves using a minimal number of

coherent integrations. This means that backscatter signals from aircraft retain their

characteristic high velocity, relative to the atmospheric signal, rather than being fre-

quency aliased into the velocity range normally occupied by atmospheric peaks. This

process makes it relatively easy to identify and account for aircraft contamination in

the spectra.

Non-stationary ground clutter is another problem that can be encountered in any

radar data set. The power spectrum in I'igure 1.3 shows a ground clutter peak at

essentially one frequency, which can easily be removed by simply interpolating over

the affected region. However, real ground clutter is often present in spectra as a peak

of significant width which is not quite so easily removed. Sato €j Woodman [1932]

attribute the width of fading ground cÌutter in the spectra to variations in the air

refractivity along the ray path between the radar and the stationary target. Com-

pounding this problem, as discussed in Sato €j Woodman 119821, is the fact that there

is an intrisic spreading of frequencies in the power spectra caused by the finite length

of the radar time series. A finite time series is effectively sampled by a boxcar win-

dow which has significant sidelobes in the corresponding frequency sampling function.

This means that any ground clutter returns are spread in frequency; making the clut-

ter peak wider, as well as folding noise across the whole spectrum. Ground clutter

peaks therefore not only represent a contaminating peak, but also a source of gen-

eral spectral noise. Sato €j Woodman [1982] use a method where the shape of clutter

and atmospheric returns are both parameterised. Sampling distortion is then applied

lCanadian (London Ontario) VHF atmospheric radar
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to the parameters, and the parameter set is compared with the data and adjusted

in order to obtain the best flt and therefore provide the most accurate estimates of

the atmospheric backscatter moments. In contrast to this work by Sato €j Woodman

[1982] , MoA €i Strauch [1998] discuss a relatively simple method of reducing the effects

of fading ground clutter based on detrending of the radar time series.

The problem of reducing the effects of various contaminants in a set of atmospheric

parameters has been tackled in many ways and at many different levels of the analysis

process. Some methods work on raw time series or power spectra prior to the calcula-

tion of atmospheric parameters, such as the methods used by Sato €j Woodman [1982],

Hocking [1997ó] and May ü Strauch [1993]. Other methods aim to identify outliers at

the level of the atmospheric parameters that are derived from the data, that is, they

aim to remove outliers from profiles of velocity or spectral width which have already

been calculated from raw time series.

A method which identifies outliers in atmospheric parameters has been used on the

NOAA2 demonstration network in the U.S.A., and is called the consensus averaging

method (Fisch,ler €j Bolles [19S1]). This method works by essentially calculating the

average of those points in a data set of velocities that have the closest values, the

assumption being that the number of contaminanted velocities in the data set will be

less than the number of true wind velocity values. The consensus averaging method

works by requiring that the data points are consistent in time.

Another method of removing outliers at the atmospheric parameter level, called

the continuity method(Weber et al. 179931), also requires that data points are consis-

tent in time, but has the added restriction that data points must also be consistent

in height. Data points are checked for continuity in time and height by comparing

the value of a data point with the value interpolatecl from neighbouring data points.

A pattern recognition algorithm is used to decide which points are good or bad by

placing data points in various subsets depending on how similar the velocities are. The

algorithm then places greater confidence on the branch with the most data points in

it as representing the correct velocity value.

Miller et al.119941 compared the performance of lhe Weber et al. ll993l continuity

2National Oceanic and Atmospheric Administration
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algorithm with an earlier algorithm called the Brewster/Schlatter method (Brewster

€i Schlatter [1986] , Brewster €i Schlatter [19SS]) which rejects data on the basis of

time-height inconsistencies, as well as a vertical shear test. The Brewster/Schlatter

method was the quality control algorithm already in place on the NOAA Wind Profiler

Demonstration Network data in the U.S.A.. The comparison discussed in Miller et al.

[1994] showed that the Weber et al. 179931 method labelled less winds as inconclusive

than the Brewster/Schlatter method, and as such, was considered to be a preferable

quality control algorithm.

In contrast to these methods which act on atmospheric parameters, the algorithm of

Merritt [1995] tests the statistical distribution of the power in each spectral bin before

power spectra are averaged, thus removing the contribution of outliers before a velocity

is caiculated. The Mercitt [1995] algorithm was designed to find the atmospheric echo

in data that was heavily contaminated with migrating bird echoes. He therefore could

not rely on the assumption that the contaminated velocities would be in the minority.

Instead, he assumed only that the radar dwelt on a particular volume of atmosphere

for long enough that the atmospheric return would be observed at some point in the

absence of bird contamination. In general, atmospheric backscatter is weaker than

backscatter from birds. Merritt [1995] made use of this general characteristic by

sorting the spectral estimates for a given spectral bin in ascending order of strength.

He then identified only the weakest signals, those below some threshold, as being from

the atmospheric backscatter and only these values were averaged together to get the

resultant power spectra.

Another algorithm that was born out of a need to find the atmospheric backscatter

return in raw data dominated by bird echoes is that of Ralph et aL 17996l. In this

study Ralph et al.119961 investigated the characterics of bird echoes at each stage of

the analysis; time series, spectra and moment calculations. From this, they discovered

that by simply thresholding high values of power and spectral width, they were able to

remove the effects of the bird contamination from the radar spectra and calculate the

moments of the atmospheric peaks more reliably. This is a very simple but effective

method. Other methods often use more complex techniques.

The method of Clothi,aur et al. 119941 uses an analyst trained neuraÌ network to



60 CHAPTER 3. ANALYSß OF DBS RADAR DATA

flnd the correct velocity profile in the presence of noise. Spectra which have low

peak power densities are averaged, smoothed and normalised. All local power density

maxima are then identified and linked thlough height by forming chains which connect

each maxima to a corresponding maxima in the range gates immediately above and

below. An analyst then inspected a subset of the whole data set and identified the

atmospheric peak in each one. In this way, the neural network was trained to look for

features that identify the correct return. The back-propagating neural network then

searched through the data to find the velocity profiles that most closely resembled the

sorts of profiles chosen by ihe analyst.

Another technique which has recently been applied to radar time series in an effort

to remove contaminants involves the use of wavelet transforms. Jordan et al. 17997]¡

report the use of wavelet transforms to "filter" ground and intermittent clutter, caused

by objects such as birds, from radar time series. The use of the wavelet transform, as

cliscussed in Jordan et al. 11997], results in obvious improvements in the detectabiÌity

of the true atmospheric echo in power spectra which was previously unuseable due to

the dominant clutter contribution.

The algorithm developed by the author and discussed in this chapter acts initially

on time series and power spectra prior to the calculation of atmospheric parameters,

and then on power spectra and velocity profiles in tandem. As such, it is a blend of

the approaches of many of the investigators discussed above. The algorithm will be

discussed in order of analysis, from the treatment of the time series, to the treatment

of the spectra, to the search for outliers in the velocity profiles and the methods used

to extract aiternative, correct values from the spectra associated with a given spurious

velocity.
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3.3 Contaminant removal in tirne series and power

spectra

The main identifiable contaminants encountered in data from the Buckland Park

VHF ST radar, during rain-free periods3, were non-stationary ground clutter, aircraft

echoesa and sea scatter from the Gulf of St. Vincent. Sea scatter as a contaminant

in VHF data was not discussed in the previous section as it is a rarely studied con-

taminant in the literature on VHF data. However, there is some discussion of sea

scatter removal from HF radar data (e.g. Headriclc U Skolnik 119741,, Martin €i I(ear-

ney 119971. Another contaminant which appeared regularly in certain beam directions

IMas an interference spike from an unknown source. The interference spikes occurred

in the general frequency range where sea scatter spikes were often present, the only

difference being that in theory, sea scatter spikes occur at a fixed frequency, while the

interference spikes that often occurred in the data had a certain range of frequencies

which is suggestive of interference rather than sea scatter. For the purposes of the

algorithm discussed here, it is not important whether the spikes in frequency were

caused by sea scatter or by some unknown source of interference. As such, it is as-

sumed that both sea scatter and interference are the cause of the observed frequency

spikes.

Sea scatter echoes are caused by back-scatter from prevailing ocean surface cur-

rents, and are present as narrow spikes at a fixed frequency, in a given power spectrum.

The frequency at which a sea scatter spike appears in a power spectrum is dependant

on the wavelength of the radar, and partially dependant on the depth of the water.

VHF radars have been used to study ocean surface currents by directing beams to-

wards theocean at low elevation angles (e.g. Balsley et al. [1987] , Broclte et al.ll987l).

However, for the off-zenith angles typically utilised by a Doppler radar in atmospheric

measurements, side lobes may be present at sufficiently low elevation angles that sea

scatter is detected as an unwanted contaminant.

The next two sub-sections cover the measures taken to account for aircraft and

3The data presented in this thesis were all collected during rain-free periods.
aAircraft echoes are quite common at the Buckland Park field site as the area encompassing the

field site is a designated low flying test area for the nearby Parafield airport.
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gïound clutter contamination of the data, first in the time series, and then in the

spectra, prior to the calculation of atmospheric parameters from the spectra.

3.3.1 Treatment of the time series

The in-phase and quadrature time series from the radar are the raw data from the

system; they therefore represent the first opportunity to remove any unwanted echoes.

Hard targets, like aircraft, backscatter transmitted radar power more efficiently than

the atmosphere. This makes aircraft echoes identifiable as regions within the time

series with higher amplitudes and variances than the surrounding data.

The first step in the analysis procedure was to split the in-phase and quadrature

components of the time series into a number of sections, and calculate the standard

deviation in each of these sections. The maximum standard deviation over all sections

of each component of the time series was then calculated; if this value occurred in the

same section of both the in-phase and quadrature components of the time series, and

was four times greater than the average standard deviation of the remaining sections,

then the offending time series was discarded. This figure of four was chosen on the

basis of experience. It was found to be the best compromise between detecting an

aircraft and not detecting generally noisy data which was not affected by an aircraft.

The figure of four was generous and allowed aircraft to remain undetected rather than

reject unaffected timeseries. Figure 3.1 shows fi.ve consecutive time series in the same

beam direction, the first of which has aircraft contamination.

The number of sections that the time series were split into was dependant on the

length of the time series. Aircraft echoes were observed in a given time series for up

to 20 seconds at a time, so the number of sections that were chosen was set such that

an aircraft-affected region would dominate a section of the time series, and trigger the

detection test. For most of the data discussed in this thesis, the time series were split

into four sections for this aircraft detection test.

The effects of ground clutter with a non-zero spectral width can be seen in time

series as a slowly varying mean. Ground clutter is caused by backscatter from sta-

tionary objects, which can be detected in the sidelobes of the radar beam in much the
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same manner as sea scatter. As discussed in the previous section, the finite length

of the time series leads to spreading of the frequency components of the power spec-

trum across adjacent frequency bins which results in widening of any features in the

spectrum, including ground clutter. In an effort to reduce the presence of the ground

clutter peaks in the spectra, the time series were filtered with a Hamming window

(Hamis [1978]). This has the effect of reducing the sidelobes of the frequency sam-

pling function caused by the boxcar shape of the time series sampling function. The

time series shown in Figure 3.1 are shown with Hamming filter applied. triltering the

time series in this manner reduced the amplitude and width of the ground clutter

peak.

3.3.2 Tleatment of the power spectra

Time series which passed through the algorithm, without being rejected on the basis

of an aircraft detection, were then Fourier transformed, and fitted with a Gaussian

function. Depending on the desired time and frequency resolution required of the data

set, power spectra could be averaged together at this point. This had the effect of

smoothing the power spectrum which made it easier to obtain a good Gaussian fit to

the spectrum. In a situation where an aircraft was detected, a power spectrum was

not calculated for that time series, which meant that a data gap resulted. Therefore,

the other benefit of averaging sets of spectra was that a data gap was less likely to

result as the duration of the aircraft contamination rarely extended across the time

taken to collect all of the spectra being averaged. The data in this thesis, as discussed

in Chapters 4, 5 and 6, were collected at a relatively high time resolution, which

required that a maximum of two spectra were averaged together, and in some data

sets atmospheric parameters were calculated from individual spectra.

Once the spectra were calculated, and averaged together if appropriate, the fre-

quency bins prone to ground clutter contamination were interpolated over. The num-

ber of frequency bins that were interpolated across depended on the frequency reso-

lution of the spectrum, and the pointing direction of the radar beam. A discernible

ground clutter peak in the power spectra was only obvious in data from off-zenith
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beams. As such, only the middle frequency bin was interpolated over in vertical beam

data, in order to smooth over the null left by the subtraction of the mean from the

time series. In off-zeniih data ihe middle three or five points were interpolated over.

A five point linear interpolation was performed on data with a spectral resolution of

approximately 0.02 Hz and a three point interpolation was performed on data with

half this resolution.

3.4 Calculation of atmospheric pararneters

This project was the first implementation of DBS analysis in the frequency domain on

the BP VHF ST radar. Previous DBS measurements with ihe system were analysed in

the time domain using the so-calied "pulse-pair" technique. It was therefore necessary

to develop methods to obtain atmospheric parameters from power spectra. As noted

in Chapter 1, atmospheric parameters can be calculated from power spectra by fitting

a Gaussian function to the peak corresponding to the atmospheric backscatter in

the spectra. The fitted Gaussian function provides the velocity and width of the

atmospheric peak and can be used to calculate the SNR of the backscatter. Due to

the aspect-sensitive nature of the scatterers in the atmosphere, less power is received

in a radar beam directed at a large off-zenith angle then is received in a radar beam

directed at a relatively smaller off-zenith angle. It is therefore necessary to be able to

detect atmospheric peaks in low SNR data in order to consistently obtain profiles of

atmospheric parameters at a given height, over as large a time period and range of

off-zenith angles as possible. The BP VHF ST radar is a relatively low power system,

at peak polver of 32 kW, which makes this task more important then it would be for

a high power system such as the MU radar in Japan which operates at a peak power

of I MW.

The data analysis routines that were used or developed by the author to analyse the

data presented in this thesis were written in IDL (Interactive Data Language). This

language has many built in functions and procedures, including a Gaussian function

fitting routine. However, low power peaks in the data proved to be impossible to fit

reliably with the existing Gaussian function fitting routine, so considerable time was
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spent developing a new one. The main reason that the original Gaussian function

fitting routine was unreliable was that it used moment calculations, calculated over

the entire spectrum, as the initial estimates of the parameters of the spectra. In the

case of low SNR these moment estimations of the atmospheric parameters were not

accurates. These initial bad estimates meant that the routine was often not able to

calculate an initial function to fit to the data, or, if ii did manage to calcuiate an

initial function, the parameters it started with were so far from the parameters of the

real peak in the data that it was not able to converge to it. This called for a new

approach to calculating these initial estimates so that the Gaussian function would

have a better chance of achieving a good fit to the data.

At this point in the analysis, spectra were assumed to contain only the atmospheric

peak. The first step in locating the peak in each spectrum was to split each spectrum

into 16 equal sections in frequency. Then, for all but the end two sections, the maxi-

mum value within each section was calculated. Finally, the maximum of the maximum

values over the 14 sections was divided by ihe minimum of the maximum values over

the 14 sections. If the resultant number was greater than 2.0, that is, if the maximum

value was double the minimum value, then the maximum value was classified as a

peak. The maximum value of the peak and the location of the peak were then used

as the first estimates of the amplitude and velocity in the Gaussian fitting process.

The initial estimate of the widih of the spectrum used by the Gaussian fitting

function was estimated less directly. Each data set contained a power spectrum for

each of the ranges observed, and the fitting process started at the lowest range and

iterated upwards. Radar backscatter at lower ranges was generally strong and the

peaks within these spectra were well defined. Any changes to the spectra as a function

of range were also generally smooth, so the parameters of a peak at one height were

not much different from that of the range above or below. This fact was utilised in

making a first estimate of the width of the spectra. The first width estimate for the

lowest range was set at a value o1 I ms-r. This value was then updated with the

value returned from the Gaussian fit to the data and used as the estimate of the width

sLimiting the width of the spectrum that the moments are calculated over, to the region containing
the peak only, would have produced more accurate results.
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for the next range. This process provided good initial estimates of the width for less

distinct peaks at upper ranges in the data set.

Calculating all of the initial estimates of the peak characteristics in the manner

described above led to far superior estimates of these parameters to those which could

be obtained with the existing Gaussian fitting function. This in turn led to more

reliable Gaussian flts to the data, and subsequently, better values of ihe atmospheric

parameters themselves over time and heighi. Figure 3.2 shows the flow of data as

discussed in Section 3.3 and Section 3.4.

The goal of the sensitive peak detection and Gaussian fitting was to improve the

height and time coverage of the radar parameters. Figure 3.3 shows the height cov-

erage that is possible using this process, for all three basic atmospheric parameters;

radial velocity, spectral width and SNR. The data shown in Figure 3.3 were actually

taken with the BP VHF ST system prior to the installation of the new beam-steering

hardware, and are shown in their final form, free from outliers. The data were collected

with beams directed to the east at 11o off-zenith, using manually inserted phasing ca-

bles on the East-West array only. The atmospheric parameters shown in Figure 3.3

were calculated from averaged spectra which were compiled from five one minute data

sets. Each data point in Figure 3.3 therefore took five minutes to collect, but approx-

imately 20 minutes were required for an entire beam cycle, using east and west 11o

off-zenith beams and vertical beams. Figure 3,3 shows data covering three hours, at

the minimum 20 minute resolution.

It can be seen from Figure 3.3 that atmospheric parameters were measured up to

approximately 17 lcm in some profiles. However, 20 minutes is a relatively low time

resolution and the experiments described in this thesis, using the fully upgraded radar,

required high time resolution and good time coverage. These requirements meant that

atmospheric parameters were calculated on a single minute of data in a given beam

direction, and that only those heights where data was reliably obtained were useful.

It can be see in Figure 3.3 ihat there are gaps in the last two profiles of radial velocity

above about 8 km, and that there are gaps in all of the profiles above approximately

13 lcm,just above the common tropopause height at Adelaide. Data gaps above these

two height ranges were a common feature of the data collected with the BP VHI' ST
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radar, and often the range in between these two heights contained only patchy data,

as in the last profile in Figure 3.3. As a result, in order to obtain the best possible

time resolution and time coverage for the data coliected with the upgraded BP ST

radar that is discussed in this thesis, all atmospheric parameters were calculated over

the reduced range from 3 - 8lcm.

3.5 Quality control of atmospheric parameters

The measures discussed in Section 3.3 to combat the effects of aircraft and fading

ground clutter in the data were observed to work in the majority of cases. However,

they were designed to be reasonably relaxed so that good data would not be adversely

affected. This meant that there \Mere cases where aircraft were not detected and spec-

tra were calculated from affected time series, or where a significant ground clutter

peak remained in the data after filtering and interpolating. In addition to these error

sources, which have already been partially addressed at the time series and power

spectra level, outliers caused by sea scatter and interference spikes and other, uniden-

tified sources existed in the atmospheric parameter data set calculated from the power

spectra. As such, the algorithm reiies on being able to pick up these contaminants

when they have propagated through to become outliers in atmospheric parameters

such as radial velocity.

The manner in which the algorithm presented here identifies an outlier can be bro-

ken down into two sections based on whether or not the contaminant in the spectrum,

which caused a given data point to be an outlier, can be easily characterised or not. If

a strong ground clutter, sea scatter or interference spike dominated a given spectrum,

and was therefore incorrectly fitted with a Gaussian function in preference to the true

atmospheric peak somewhere else in the spectrum, then it was usually easy to charac-

terize as it had a certain small range of widths and was within a certain known range

of frequency bins. If, however, an aircraft echo or some other unidentified backscatter

peak was fitted instead of the true atmospheric peak, then it had a random shape and

position within the spectrum, thus making it harder to characterise.

The outlier detection and correction algorithm acts on a time series of atmopsheric
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parameters, over a range of heights where the signal power is great enough for data

to be consistently collected. Profiles of spectral width, radial velocity and SNR for

seven successive data sets in a given beam direction were analysed together. These

seven data sets were shuffied through the algorithm by sliding along three files after

every iteration, as shown in Figure 3.4. In this manner, fi1es which had already been

corrected were used as reference points to correct files which contained possible out-

liers. In the first instance these seven data sets were scrutinised for well-characterised

contaminants. The algorithm then attempted to correct for random outliers in the

data set. The following sub-sections will cover the manner in which the algorithm

detects and corrects both types of outliers in the atmospheric parameter data set.

3.5.1 Correcting well-characterised outliers

In the data presented here, ground clutter peaks in the spectra rvvere sometimes ob-

served with enough power to be incorrectly identified as atmospheric peaks. This

occurred in eastward beams only, when the width of the ground clutter spike was such

that the narrow range of frequencies that were interpolated over in the central bins
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of the power spectra was not sufficient to remove the spike entirely. The fact that

significant ground clutter was only seen in eastward beams was probably due to the

fact that most of the buildings and towers close to the radar are east of the radar.

In addition, most of the suburbs and main roads close to Buckland Park are to the

east. The top figure in Figure 3.5 shows a power spectrum in which a strong ground

clutter peak has been incorrectly identified as the atmospheric peak and fitted with

a Gaussian function. The bottom figure shows the same spectrum, but in this case

the correct atmospheric peak has been identified and fitted. Note that all the data

shown in this chapter were collected with a maximum unaliased radial velocity of over

22 ms-I, and that the plots which show spectra are shown over the range t10 rns-1

for clarity.

Gaussian fits that were made to ground clutter in preference to true atmospheric

peaks were observed to have spectral widths less than 0.3 rns-l and radial velocities

less than 0.3 rns-1. The other feature of a fit to ground clutter at a given range in a

given data set, was that other data points at the same range in other data sets among

the seven being analysed together were observed to have the true velocity and width,

which were usually both higher and wider respectively. A flt to ground clutter was

therefore identified as a point in a data set collected with an eastward pointing beam,

where the spectral width and radial velocity were less than 0.3 lrls-t, in a range bin

where at least one other point in the other data sets had a velocity three times this

value; 0.9 ms-r. This extra criterion prevented points in data sets where the spectral

width and velocity of the data points 'il/ere correct, but small, in all seven data sets

from triggering the ground clutter detection. This extra criterion was used for all but

the first seven data sets from a given data -,.-un. The reason for this was that in the

first iteration of the algorithm there were no corrected profiles from the previous run.

This meant that all seven files could in fact contain outliers. This is the case shown in

Figure 3.6. It shows the velocity profiles from the first seven data sets of a data run

to be passed through the algorithm. The topmost plot shows the contamination of

ground clutter, as shown in Figure 3.5, affecting every profile, over a range of heights.

The bottom profile shows the result after correcting for this contamination.

Sea scatter and interference spikes in the data presented in this thesis were only
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Figure 3.5: Top: Single power spectrum collected with a I4.5" off-zenith east beam.
The ground clutter in this diagram is sufficiently wide to escape the interpolation
discussed in 3.3.2, and has enough power that it is incorrectly identified as the at-
mospheric peak and fitted with a Gaussian function, which is shown plotted over the
spectrum. Bottom: The same power spectrum, but with the correct atmospheric peak
identified and fitted. Note the different gr-axis scales; the amplitude of the ground
clutter peak is such that the true atmospheric peak is barely visible in the top plot.

observed with enough power to be incorrectly identified as the atmospheric peak in

radar beams clirected to the south. They were observed to have spectral widths less

than 0.25 ms-7 and radial velocities between I.6 ms-| and 2.4 rns-|. Unlike ground

clutter peaks which could dominate at any range, the sea scatter or interference spikes

were only seen to be dominant above a range of 6 km. The fact that the position of the

spikes varied within this velocity range is the main reason that they were not simply

interpolated over in the power spectra in the same manner as ground clutter. The only
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Figure 3.6: Top: Seven successive profiles of horizontal velocity through time at beam
direction of 14.5" off-zenith to the east. This plot shows many outliers due to incorrect
identification of ground clutter peaks as atmospheric peaks. Bottom: The same seven
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way to only act on the very narrow range of velocities actually containing the spike,

within the wider range where the peak was generally observed to occur, was to allow it

to be incorrectly identified as an atmospheric peak, and then search for "atmoßpheri-"

peaks which fitted the characteristics of sea scatter/interference spike contamination.

The top plot in Figure 3.7 shows a power spectrum in which a high amplitudefrequency

spike has has been incorrectly identified as the atmospheric peak and fltted with a

Gaussian function. The bottom figure shows the same spectrum, but in this case

the correct atmospheric peak has been ideniified and fitted. Figure 3.8 shows a set

of seven velocity profiles affected by frequency spikes. The topmost plot shows the

affected profiles, while the bottom plot shows the same profiles after correction.

Data points which triggered either the ground clutter or sea scatter/ interference

spike detection tests were flagged. The next step was to find the correct peak in the

spectra affected by ground clutter or sea scatter. For data affected by sea scatter

and interference spikes this was done by interpolating over a small range of frequency

bins centred on the spike; four frequency bins in data collected with a frequency

resolution of approximately 0.04 Hz. For ground clutter affected data this was done

by interpolating over a range of frequency points greater than the three or five already

carried out and discussed in Section 3.3.2; nine frequency bins in data collected with

a frequency resolution of approximately 0.04 Hz.

Spectra at ranges where sea scatter or ground clutter were detected were then

passed to a procedure which located a peak, and then calculated new atmospheric

parameters as discussed in Section 3.4. Without the contaminating spike in these

spectra the true atmospheric peak had a much better chance of being correctly fitted.

Figure 3.9 shows the flow of data as discussed in this section.

The advantage of looking for and correcting outliers in this manner is two-fold.

Firstly, it means that in most of the data, where frequency spikes and ground clut-

ter are not a problem, wide interpolations in the spectra are not carried out in the

first instance. Instead, in the first analysis of the data as discussed in Section 3.3.2,

a conservative interpolation over the ground-clutter affected regions of the spectra is

performed, and no attempt to account for sea scatter is made. Wide interpolations

over suspected ground clutter and frequency spikes at this point could adversêly affect
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Figure 3.7: Top: Single power spectrum collected with a I4.5o off-zenith south beam.
The narrow sea scatter/interference spike has been incorrectly identified as the atmo-
spheric peak and fitted with a Gaussian function, which is shown plotted over the
spectrum. Bottom: The same po\Mer spectrum, but with the correct atmospheric peak
identifred and fitted.

good data. Instead, extra interpolations are only carried out on spectra which have

already resulted in outliers; spectra which could only produce a better result by having

these extra interpolations made. Secondly, by identifying and removing the contami-

nant in the spectra, the true atmospheric peak can be fitted and reliable atmospheric

parameters calculated. This means that once an outlier is detected, the data set was

not rejected - which would result in a data gap. Instead a new value is found which

is not simply the average of the values above and below, or the average of values be-

fore and after, but a new value which actually corresponds to the true atmospheric

peak in the data. In this manner the maximum amount of information which can be
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sea scatter/interference spikes as atmospheric peaks. Bottom: The same seven profiles
- here corrected for the spikes. Each successive profile is shifted by 10 ms-7.
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extracted from a spectrum is extracted. This is of paramount importance when good

tirne coverage is required of the data.

3.5.2 Correcting random outliers

The search for random outliers centres on detecting and correcting radial velocity

values. Prior to the algorithm acting on any data at all, it was necessary to build up

criteria of what constituted an outlier in data for a given off-zenith direction. This

was done by collecting statistics on the radial velocity values in all the data sets in

a given beam direction for the duration of the data run. The data collected for this

thesis and presented in Chapters 4, 5 and 6, were collected over periods ranging from

two to five days in length, with anything up to 26 different beam directions.

The statistics for a given data run were gathered on data before ground clutter and

sea scatter spikes were accounted for, as discussed in 3.5.1. For an off-zenith beam,

the upper limit on what constituted a good radial velocity value for a given off-zenith

angle was set at the integer velocity value greater than 95.5% of the velocity values

in the data set - the 2o level. This level was calculated for north-south azimuths

together, and for east-west azimuths together. The maximum value of these two pairs

was then used as the maximum velocity level. In theory, different limits could have

been used for different azimuths, but using one level for all azimuths at a given off-

zenith direction was observed to produce good results, and was therefore adopted. The

minimum velocity level for a good velocity was set at 0.5 rns-r, just above the ground

clutter lìmit discussed in Section 3.5.1 of 0.3 rns-1.

For data collected with a vertical beam, most random outliers were points with

velocities that were too large. As such, the velocity range that constituted a good

velocity in a vertical beam data set was set at all points below íhe 2o limit for the

data run. In general, the vertical beam data presented in this thesis were not as

affected by outliers as data from off-zenith beams. This meant that strict limits on

what constituted a good atmospheric data point were not as crucial. The probable

reason for the reÌatively clean nature of the vertical beam data relative to off-zenith

data is the fact that sidelobes in a vertically directed beam are better behaved than
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in an off-zenith beam, which makes the data less susceptible to spurious backscatter

In this part of the algorithm, where persistent ground clutter and sea scatter have

already been taken care of, the assumption that more good values than bad values

exist at a given range gate in the data set is made. This assumption was observed

to be true for the overwhelming majority of data as the outliers that this part of the

algorithm detects are due mainly to aircraft and spurious, unidentifled returns which

do not have the persistency to overwhelm data over a large period of time. The odds

are also pushed in favour of this assumption being true by cycling through the seven

data sets analysed at any one time in the manner shown in Figure 3.4. The diagram

in Figurc 3.4 shows that of thc scvcn fiics that arc analysed in any one cycle of the

algorithm, the last four are passed in their updated, possibly corrected form to be

the first four of the next seven files to be analysed. By shuffiing through the files in

this manner, the odds are in favour of there being more good points than bad in a

given range gate, simply because over half of the seven data sets have already been

corrected, if necessary.

The seven data sets were split up according to range, into time series of seven

data points at each range gate. Each radial velocity in the time series was then tested

against the upper and lower velocity limits calculated earlier. If more poìnts in an

off-zenith beam data set were less than 0.5 rns-r, then were between 0.5 ms-| and the

2o linnit for the appropriate off-zenith direction, then the points less than 0.5 ms-r

were labelled as being true atmospheric points. If more points were between 0.5 ms-r

and the 2o Iimil, than below 0.5 rns-1 then the points between 0.5 ms-1 and the 2o

limit were labelled as being true atmospheric data points. All points greater than the

2o hmít were excluded from being labelled true atmospheric data points. Figure 3.10

shows a set of seven proflles, one of which contains outliers outside Lhe 2o limit for the

relevant beam direction and data run. The topmost figure shows the profile containing

the outliers, while the bottom plot shows the same profile corrected for the outliers.

Points which were excluded from the true atmospheric data point set were then

tested against the mean and standard deviation of the points in the true atmospheric

data point set. If these excluded points were more than two standard deviations away
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from the mean of the true atmospheric point set, then they were flagged. The spec-

tra corresponding to the flagged, excluded points were then refitted with a Gaussian

function which had as the first guesses the mean values of the amplitude, radial ve-

locity and spectral widths of the points in the true atmospheric data point set. In

this manner the algorithm attempted to search for a peak in the spectrum which had

similar characteristics to the other points at the same range within the seven data sets.

Figure 3.11 shows spectra at two of the heights in which outliers were present in the

profiie shown in Figure 3.10. The topmost plot and the plot second from the bottom

show the original Gaussian fits to the large spurious peak on the left. The second

plot from the top and the bottom plot show the corrected fits to the plots directly

above each of them. Note that in the second plot from the bottom, the size of the

contamination in the spectra is such that the small atmospheric peak is barely visible.

This standard deviation test was observed to work well for random outliers which

fell outside the 2o limits for both vertical data and off-zenith data. It was also observed

to work well for random outliers which made up a minority in being either less than

0.5 ms-|, or in the range between 0.5 n¿s-1 and the 2o lirrrit for the appropriate off-

zenith beam. Figure 3.11 is proof of the effectiveness of this standard deviation test.

The use of the average characteristics of spectra that are determined to be good, as

the first guesses of the Gaussian fitting function for spectra that are determined to

be contaminated, makes it possible to extract true atmospheric peaks from spectra

that are heavily contaminated. However, this standard deviation test is not effective

at detecting and correcting points which are obvious outliers, yet fall within the limits

calculatedfor true atmospheric data points. Figure 3.12 shows such an outlier in a set

of seven profiles of horizontal velocity.

In order to detect these points, the algorithm passed the seven data sets through

one final test which uses the derivatives of profiles of radial velocity as a function

of height and time to test the smoothness of the data sets. The aim of this test is

to identify points in the new parameter sets that are incompatible with the range

and time that they belong to, rather than obviously disagreeing with the appropriate

thresholds. It is based on the fact that points which an observer would consider to be

ubadu have the basic characteristic of being discontinuous with the data set that they
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belong to; their very nature is that they are an abrupt transition between the points

before and after them. This is analogous to saying that a data set which has no bad

points in it is continuous or smooth, each point being a gradual transition from the

points before it to the points following it. The derivative of a data set is a sensitive

indicator of the smoothness or regularity of that data set.

In a data set where the maximum absolute value is an abrupt change from the data

points around it, the sudden change will cause a disruption in the derivative of the data

set around the point where the bad value exists. The effect is a "seesaw" distribution

about the position of a bad point which results in the maximum and minimum of the

derivative straddling the location of the bad point. If however, the maximum absolute

value is a smooth progression from the points around it, the derivative of the data set

will not "seesaw" about the location of the bad point in the original data set. The

derivative test used here is based on this fact.

Profiles of the radial velocity through both time and range were tested. Each of the

seven data sets were differentiated as a function of range and time, and the minimum

and maximum absolute values of the data sets and their derivatives were calculated. If

the location of the maximum or minimum absolute value in the original data set as a

function of time, and the mean of the locations of the maximum and minimum values

of the derivative of the data set as a function of time were the same, then the value

at that location in time was flagged. If the location of the maximum absolute value

in the profile through range, and the mean value of the locations of the maximum

and minimum values of its derivative through range were the same, and equal to the

location of the point that was flagged in the profile through time, then the point was

flagged. The spectrum corresponding to this flagged point was then refitted with a

Gaussian function which had as the initial guesses the amplitudes, radial velocities

and spectral widths of the other data points at the same range. Figure 3.13 shows the

outlier in the fifth data file in Figure 3.12 as a function of time and range, along with

the derivative of these profiles. The "seesaw" behaviour of the derivative about the

location of the outlier in the original profile can be seen.

This derivative test is iterated over three cycles to catch strings of random outliers.

The whole derivative test is repeated as a check that the points that were refitted in
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the first set of iterations of the test are good points in the sense that they make the

profiles of the seven data sets smoother as a function of time and range. In the second

set of iterations of the derivative test, points which triggered the test were zeroed

rather than having their spectra refitted with a Gaussian function - the assumption

being thai if a fit to a good atmospheric peak could be made, it would have been made

in earlier iterations of the derivative test.

The derivative test is a final check that all points that have been refltted throughout

have improved the smoothness of the seven data sets as a whole rather than creating

more velocity outliers. It is also an effective way of catching random velocity outliers

which have escaped the other detection tests in the algorithm by being embedded in

the range of points considered to be true atmospheric parameter values Figure 3.14

shows the flow of data as discussed in ihis section.

3.5.3 Results

The data that were used as examples in this chapter were taken for an experiment

that is discussed in Chapter 6. This data was collected over the full range of off-zenith

angles from 3.6o Lo 22.0' off-zenith; six off-zenith directions in all, in all four cardinal

azimuths. The large range of beam directions used was useful for testing the algorithm

in this chapter, as it resulted in a large range of quality and radial velocities. The

data was collected in two campaigns; the first, starting on 24172197, in light wind

conditions, the second, starting on 2Llll98, in relatively stronger wind conditions.

The effectiveness of the algorithm over the first two days of data from these two data

sets calculated over the range from 2 - 70 km, over all off-zenith directions for a given

azimuth, a e presented in Table 3.1.

It can be seen that there is a similar amount of data that is rejected or modified

in the western and northern azimuths, but that significantly more data is rejected or

modified in the eastern and southern azimuths due to the presence of more contami-

nants at these two azimuths as a result of fading ground clutter and sea scatter and

interference spikes respectively.
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East 0.7 7.4
West 0.2 0.8
Nolth 0.1 0.5
South 0.2 1.5

Table 3.1: Statistics on the number of points rejected (replaced by zero) and the
number of points for which a new value was found by the algorithm. Data were
collected on all off-zenith directions for a given azimuth for two days in each of two
data sets, both with different prevailing wind conditions. The data are expressed as

percentages of the total number of data points in the data sets; i.e: 0.7% of data in
the east direction, from the data set starting on2IlIl98, were rejected.

3.6 Sumrnary

In this chapter, the manner in which raw DBS time series are converted into atmo-

spheric parameters from power spectra and then checked for the presence of outliers is

discussed. These methods were developed by the author for use with the new upgraded

radar, as the existing Doppler software on the BP VHF system calculated atmospheric

parameters in the time domain where it is difficult to remove the effects of contami-

nants. The main contaminants observed in the data collected with the Buckland Park

VHF ST radar are discussed, and then the algorithm which was developed to remove

them is examined.

The manner in which the data is checked and corrected for outliers is based on

recognizing two different kinds of spectral contaminants; those which produce an easily

characterised outlier, and those which produce an essentially random outlier, in profiles

of radial velocity as a function of time and height. The algorithm uses predetermined

parameters to recognize easily characterised outliers, and a combination of a statistical

Azimuth
24l12le7

Percentage replaced
with zero (To)

24lt2le7
Percentage replaced
with new value (%)

East 0.2 1.3

West 0.2 0.6
North 0.2 0.5
South 0.4 2.0

Azimuth
2tlrles

Percentage replaced
with zero (%)

2rltles
Percentage replaced
with new value (%)
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test and a smoothness test to detect random outliers. The success of the algorithm

in detecting and correcting data over a large range of off-zenith directions, in all four

cardinal azimuths is shown through plots of corrected spectra and their associated

velocity profiles. The essence of the algorithm is that it returns to the power spectrum

which produced a given outlier and looks for the true atmospheric peak. It has been

seen in this chapter that this approach is very successful, and true atmospheric peaks

are often found in data which is heavily contaminated. These results provide confidence

in the accuracy of the atmospheric parameters used in this thesis.



Chapter 4

DBS and FCA measurernents

4.L Introduction

In this chapter a comparison of spaced antenna (SA) full correlation analysis (FCA)

data with Doppler beam-swinging (DBS) data is presented. Horizontal velocities and

aspect sensitivity via the aspect sensitivity parameter,0", ate estimated from the two

techniques and compared. This chapter will begin with a discussion of the main find-

ings of 0, studies in the ST region. The rest of the chapter will focus on the experiment,

beginning with a discussion of the set up of the radar and the data analysis that was

required, before discussing the results of the comparisons of the two techniques.

4.2 Measurem.ents of aspect sensitivity

The most common parameterisation of radar backscatter is to approximate the polar

diagram of the backscatter of the atmosphere received by a vertically pointing beam by

the function enp(-sin02f sindl), Equation 1.13 in Chapter 1, where á" is the Ilehalf
width of the polar diagram. Given this, various investigators have reported d" values

using the DBS technique. One of the features of DBS d" measurements is that the value

of d" is dependant on the beam directions used to form the ratio r in Equations 1.15

and 1.17. Hocki,ng et al. [1990], Hooper ü Thomas [1995] and Jain et al.11997] discuss

comparisons of d" values calculated from various combinations of angles. Hooper €4

Thomas [1995] calculated d" values from combinations of the off-zenith angles 0o,4.2"

91
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and 8.5o, Hocki,ng et al. ll990l used angles of 0o, 5o,,7",15o, 16o and 20o, while Jai'n

et al. 17997] used angles from 0o to 12", in 2" steps. All of these studies have shown

that combinations of angles closer to the zenith generally produce smaller values of d"

than combinations using off-zenith beam directions further from the vertical.

These differences are caused by the fact that, in essence, DBS power measurements

of d, viathemethods discussedby Hocking et al. [1936] and Hooper €i Tltomøs [1995],

attempt to reproduce the shape of the fall-off of power as a function of off-zenith

angle, using only two points on the curve. Physically, á" is the 1,le half-width of

the backscatter polar diagram, which is the -3 dB point on a zenith distribution of

power plot such as that shown in Figure 1.2. Given this fact, it can be seen that

if measurements of power at large off-zenith angles do not behave as described by

Equation 1.7, they will be unable to represent the shape of the curve at a point only

3 dB down on the vertical beam power.

Hoclcing et al. ll990l has discussed how the scatter appears to flatten off at larger

off-zenith angles, and that there appears to be an exponential (linear in dB) drop-off

in power from 0o to about 8o - I2o, rather than the Gaussian (parabolic in dB) fall-

off predicted by Equation 1.7. This is in agreement with the results of Tsuda et al.

[1997a], as shown in Figure 1.2, Chapter 1of this thesis, which shows a fairly linear

drop-off in power between off-zenith angles of about 2o - 10o. Hooqter €j Thomas [1995]

have noted that, at times, the scattering at off-zenith angles of 4.2", 6o and 8.5o can

be described by a single value of á". While calculations of 0" using 0o or 12o off-zenith

beams produced smaller and larger values respectively.

Hocking et al.119901 have suggested that different values of d" for different off-zenith

beam combinations may be interpreted as evidence of the presence of different types

of scatterers, with the aspect sensitive ones being more important directly overhead.

This interpretation for the Hooper €j Thomas [1995] results means that the different

d" values observed using scatter from 0.0o, from off-zenith angles between 4.2o - 8.5o,

and from off-zenith angles greater than 12", are indicative of different scatterers. The

differences in d" values as a function of off-zenith angle are a result of the fact that the

d" parameterisation does not account for the different types of scatter that exist. As

discussed in Chapter 1, the likely mechanisms for the aspect sensitivity at near vertical
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beams are a combination of anisotropic turbulence and specular layers or "sheets" as

observed in the temperature soundings of Dahudier et al. llgg4l. Beams at large off-

zenith angles are less likely to be affected by this scatter and, as a result, the dominant

scattering mechanism at these angles is the background isotropic scatter. Despite the

limitations of the d" parameterisation, it is useful for the purposes of comparison

both with other workers, and between the scattering observed with different radar

techniques.

Measurements of d" in the ST region using VHF radars, include those utilising

the power methods of Hocking et al. 179861 and Hooper €j Thornas [1995], the FCA

spatial correlation method used by Vincent €! Röttger [1980] and Vincent et al. [1937],

and the alternative DBS methods described by Hocki,ng et al. [79901. Together, these

measurements provide a good picture of the characteristics and variation in d", over a

wide range of conditions and off-zenith beam angles.

In general, conditions in the troposphere have been found to be less aspect sensitive,

with associated larger values of 0", than in the stratosphere. Although the results

from a specific data set seem to depend on the meteorological conditions, and there is

evidence of increased isotropy above about 18 km in the stratosphere. Hocki,ng et al.

[1986] reported increased aspect sensitivity in the lower stratosphere, relative to the

troposphere. This was seen in á" decreasing from around 4o in the height range from

6 - 10 km to close to 2o above I0 km. Above about I8 lcm the d" values were greater

than the values observed in the troposphere, indicating increased isotropy at these

heights.

Despite the lack of d" information, Tsuda et al. 179861 reported similar findings by

studying the backscatter over a range of off-zenith angles. Their measurements, over

the height range from 6 - 75 km indicated increased aspect sensitivity above about 10

lcm. Morc recent multiple-beam DBS studies by Hocking et al. [1990] and Jai,n et al.

[1997] confirm these results. Both of these studies saw strong aspect sensitivity in the

lower stratosphere, above about I0 km, with the maximum aspect sensitivity being

observed in the 15 - 18 km region in the Hocking et al. 119901 study, and 15 - 21 km

in the Jain et al. 119971study. Above these maximum heights, more isotropic scatter

r¡/as seen in both investigations.
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The effects of weather events on this general scattering behaviour have been inves-

tigated by Hooper €i Thomas [1995] and Yoe et al. ll994l. Hooper €j Th,omas [1995]

have shown that during the passage of a warm front, the scatter in the troposphere

became more aspect sensitive, and was similar in nature to the scatter from the strato-

sphere. Tropospheric 0" values cluring this time were approximately 5o. In the same

study, a data set collected during calm conditions was also presented, in which less

aspect sensitive scatter was observed in the troposphere, relative to the stratosphere,

with tropospheric d" values of about 10' - 12'.

Yoe et al. ll99al found that in the presence of the jet stream, d" values in beams

directed normal to the jet showed the expected greater aspect sensitivity in the strato-

sphere relative to the troposphere. Stratospheric d" values were in the range 4o - 8o,

and tropospheric d" values were in the range 10o - 20'. However, 0" values in beams

directed parallel to the jet stream showed increased aspect sensitivity in the upper

troposphere, in the height range from 9 - 12 km, with d" values in the range 4o - 8o.

This scatter was more similar in nature to the scatter above it, from the stratosphere,

then to the scatter below it from the middle troposphere. The work of Yoe et al.

[1994] and Hooper €j Thornøs [1995] has thus shown that there are times when the

troposphere is as aspect sensitive as the stratosphere. Generally, the anisotropy seen

by these two studies corresponded to d" values less than 10', while values larger than

this were considered to be from less aspect sensitive scatter.

In contrast to the wide usage of the DBS techniques for d" measutements in the

ST region with VHF radars, there have been relatively few measurements using SA

techniques in the ST region. The measurements that have been made a e in agree-

ment with the DBS values in both magnitude and behaviour as a function of height.

The spatial correlation method d" values of Vincent €! Röttger [1980] are in the same

general range as those by authors using the DBS technique. Vi,ncent Ü Röttger [1980]

report d" values (called o¡ in their paper) over the height range frorn 2 - 7 km of

between 2o - I0o, with occasional values up to 20o. While the spatial correlation

method d" measurements of Vincent et al. 17987] show increased aspect sensitivity in

the stratosphere relative to the troposphere, in agreement with various DBS exper-

iments, through histograms of d" values which display generally larger values in the
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mid-troposphere (5 - S km) then in the lower stratosphere (12 - 15 km).

The spatial correlation method has been applied in the mesosphere by, for exam-

ple, Lesicar €i Hocking 1L992) who compared spatial correlation method d" values with

those from a spectral width method and a horizontal velocity method. These two

latter techniques are similar to the methods used by Hocl;r,ng et al. 179901 in the ST

region, who used them along with the DBS power method of Hocking et al. 11986].

These techniques rely on estimating the amount by which a given spectrai width or

horizontal velocity measurement is underestimated due to the presence of aspect sen-

sitive scattering. Hocking et al. lI990l used horizontal wind values from far off-zenith

beams as the "unaffected" values, and winds from beams nearer to zenith for the "af-

fected" values, while Lesicar €J Hocking 11992] used the FCA derivedhorizontal winds

and 11.6" DBS winds as the unaffected and affected measurements respectively. In the

spectral width method, Hocking et al. ll990l compared ihe spectral width of vertical

beam data with the theoretical values expected from isotropic scatter, while Lesi,car

ü Hoclcing lI992l used the FCA fading time, rs.5, which is inversely proportional to

the spectral width, to directly calculate d,.

Reid lI988l has compiled mesospheric 9" measurements made with various tech-

niques by various researchers with the Adelaide MF radar. The results show good

general agreement between the data which was collected in several separate experi-

ments published between 1971 - 1988. Lesicar ü Hocki,ng [1992] have conducted the

most extensive d" method comparison, using three years of mesospheric MF radar

data. Their results showed that the spatial correlation and spectral width methods,

which use vertical beams only, gave similar d" values with a clear seasonal dependance.

However, the method using the 11.6" DBS horizontal winds resulted in different 0" vaI-

ues, with no clear seasonal dependance. Given that DBS á" values are known to be

dependant on the off-zenith angles used, the results of Lesi,car ü Hocking [1992] imply

that other comparisons a e needed between DBS and SA methods, with a range of

DBS beams.

The aim of the work presented in this chapter was to compare d" as measured by the

FCA spatial correlation method with values from the DBS power methods of Hocki,ng

et al. l\9861 and Hooper €j Thomøs [1995]. This is the first such comparison, as Lesicar
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ü Hocki,ng [1992] did not use the DBS power method, and Hocki,ng et ul. [1990] did not

use the FCA spatial correlation method. Furthermore, the DBS power method and

the FCA spatial correlation methods a e more independant than the three methods

used for the comparison of Hocking et al. 179901, all of which relied on data from the

same Doppler beams, ancl more indepenclant than those usecl for the comparisons of

Lesicar €! Hoclcing ,79921, all of which relied on some aspect of the FCA. As such it

should be a better test of both methods.

4.3 Experirnent description

The FCA part of the experiment dictated the sub-groups of the antenna arrays used

on reception, as the FCA requires three non-colinear antenna grorlps. This meant

that FCA measurements were not possible with the older, East-West array, as it can

only be split into groups joined by east-west baselines, as shown in Figure 2.73. A

first attempt at a DBS/FCA experiment was conducted over the period 24-2613198,

using the reception antenna groupings shown in Figure 4.1, where the numbers in the

sections refer to the receiver number that the antenna group was connected to. The

whole array combined was used to produce the transmit beam.

The best antenna arrangement for FCA is an equilateral triangle; the use of non-

equilateral triangles has been shown to result in biases in the direction of the true

velocity towards the azimuth perpendicular to the longest side of the triangle (e.g.

Briggs [1984]). The FCA can be applied to four spaced antenna groups, and was, in

theory, possible with the antenna configuration shown in Figure 4.1. However, the

distances between the two groups on the diagonals in the array was too large and the

analysis broke down as a result of the corresponding low correlations between antenna

group pairs.

The fact that the analysis broke down is evidenced by the output of the FCA that

was used for this experiment. The programs used to obtain FCA were provided by

ATRAD1, and were equipped with a series of data checks which reject results which

lAtmospheric Radar Systems, a radar development company which is licensed by the University
of Adelaide and closely linked to the Atmospheric Physics Group of the University of Adelaide
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Figure 4.1: Antenna groupings for the experiment run over the period 24-2613198.

The numbers in each of the sections corresponds to the receiver that the antenna
group was connected to.

are physically or mathematically unreasonable. The first test of the FCA analysis

is therefore that the analysis "accepts" the calculated results, rather then rejecting

them. Analysis on the four antenna groups resulted in essentially no acceptances, as

the basic pattern analysis on the groupings broke down due to the low correlations

between the antenna groups. Despite the expected biases in the FCA applied to three

groups in a right angles triangle, the FCA was attempted on this arrangement also.

However, as for the the four antenna group data, due to the large distances between

the antenna groups on the diagonal, most of the results were rejecied by the FCA.

A full description of the FCA rejection criteria is given by Holdsworth, lIg95l, while

Table 8.1 summarising the criteria is shown in AppendixB. Rgyraik [1983] had similar

problems with antenna spacing during a mesospheric FCA data run. The centres of

the antenna groups in the work of Røyruik [1983] were 149 m apart, and the author

concluded that a smaller antenna a ray, preferably with spacings less than 30 rn, would

have produced better FCA results from the experiment.

A second FCA/DBS experiment was run over the period 12-1415198, with the an-

tenna groupings as shown in Figure 4.2. This arrangement was quite close to an equi-

lateral triangle, and the distances along the longest sides were considerably smaller

6 5

a
J 4
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N/S CoCo
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w E 44.4 m
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52.1m

Figure 4.2: Antenna groupings for the experiment run over the period l2-I415198.
The numbers in each of the sections corresponds to the receiver that the antenna
group was connected to.

Q=Nls
ffi=env
Beam sequence

N

1
10.8

N 3.6 N 0.0 S 3.6
N 7.2 N 0.0 S 7.2
N 10.8 N 0.0 S 10.8

Figure 4.3: Beam sequence and direction for the experiment run over the period 12-

1415198. The vertical beam data was used for the FCA, while all of the data was used
for the DBS analysis.

than the longest distances in the antenna arrangement used for the 24-2613198 ex-

periment. The antenna arrangement used for the data collection period 72-1415198

resulted in a good number of results being accepted by the FCA.

Figure 4.3 shows the beam sequence and directions that were used in the suc-

cessful 12-1415198 experiment, while Table 4.1 shows the data collection parameters.

F igure 4.4 shows the one way polar diagram of one of the square receiving antenna

4
6

r5

J

4
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Collection parameter Parameter Value

PRF (flz)
No. coherent integrations
Time for one data set (seconds)
No. of data points
Velocity resolution (-r-t)
Max. unaliased velocity (rns-l)
Height range (knz)
Range gate (km)
Pulse length (krn)

4096

512
56.25
450

0.05
11.1

2.0 - 15.0

0.5
1.0

Table 4.1: Data collection parameters for the 12-1415198 data set
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Figure 4.4: Cross-sections through the one way polar diagram of a square of antennas
equal to one quarter of the North-South array, for a vertically pointing beam. Solid
lines denote the east-west cross-section and dashed lines denote the north-south cross-
section. This antenna grouping was used for both the 24-2613198 and 7l-1415198
experiments.
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sub-groups shown in Figure 4.2. This diagram has a half-power half-width of approxi-

mately 3.2o and 3.5' in the east-west and north-south planes respectively. Due to the

fact that only the North-South array could be used for the FCA measurements, no data

was taken on the East-West array, resulting in DBS measurements in the north-south

or meridional plane only. Once data transfer times were taken into account, the data

collection time for each beam direction was almost exactly one minute. A complete

beam sequence was therefore collected in nine minutes. Note from Table 4.1 that the

pulse length was 1 lcm while the range gates were 500 rn. This is a result of the fact

that 1 km is the minimum pulse length available with the BP VHF ST system, so

in order to get good height resolution, it was necessary to oversample the pulse. All

of the data presented in this thesis were collected with this pulse length/range gate

relationship.

4.4 Data analysis

The FCA was applied to the data from receivers 3, 5 and 6, corresponding to the three

square groups in Figure 4.2, for vertical beams in the sequence. DBS analysis was

carried out on data from the whole array, for ail beam directions. Before the DBS

analysis could be carried out, the data from all four receivers for any given time series

had to be combined to produce a single Doppler reception beam. The DBS analysis

described in Chapter 3 was then applied to the single time series that resulted.

As was noted in Chapter 2, there is usually a phase offset between receivers about

which the measured phase differences, or angles of arrival, between receivers varies.

Figure 2.79 in Chapter 2 shows the phase differences between pairs of receivers as

histograms. The offsets of these histograms are an instrumental effect, caused by

various phase errors in the system. They must be removed before the real angles of

arrival (AOAs) can be determined, and before the time series from various receivers

can be combined. Thorsen et al. 11997] discuss procedures to remove these phase

offsets, in aprocess commonlycalled "phase calibration". The assumption is that, on

average, the returns will emanate from vertical, and as such, the histograms of the

phase differences between receivers should be centred on 0o. Thorsen et al.11'997] find
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that the best determination of the mean of the histogram is a Gaussian fit, as opposed

to a moment calculation. Thorsen et al. [1997] also find that the phase offset varies as

a function of height. This behaviour has also been seen by Holdswortå [1995], as well

as being seen for the data presented here.

For the work presented in this thesis, this variation of the phase offset as a function

of height was not seen to be of great importance when combining the data from

various receivers into one Doppler beam. It was, however, an important effect in AOA

measurements because the difference as a function of height was of the same order of

magnitude as the AOA measurements themselves. As such, this effect will be discussed

in Chapter 5 where the AOA measurements from this thesis are presented. For now,

the fact that the effect exists is notecl, as well as the fact that the approach of Thorsen

et al. 11997] was followed here, and the phase offsets were determined from Gaussian

fitting of the histograms of the phase differences. The mean of the histograms of data

taken over a range of heights was used to remove the phase offset for all heights for

which data were collected.

As well as the mean phase differences between receivers, amplitude differences

between the time series from different receivers also exist. These differences are due

to small differences in the gain between receivers, which persist despite the use of

individual receiver gain settings. The amplitude of the time series from a given receiver

can be calculated by calculating the amplitude of the auto-correlation function in the

time domain, or the area under the spectral peak in the frequency domain, while

the phase difference between receivers is calculated from the zero-lag phase of the

closs-correlation function. Figure 4.5 shows histograms of the amplitude differences

between receivers, expressed as the ratio of the amplitudes on the control receiver,

receiver 3, with each of the other receivers, and histograms of the phase differences

between receiver 3 and the other receivers. The amplitude correction applied to the

data was calculated from the mean of a Gaussian fitted to the histogram, in the same

manner as the method of removing the phase offsets.

The flrst thing that can be noted when comparing Figure 4.5 with Figure 2.19

from Chapter 2 is that the widths of the phase difference histograms are significantly

larger in Figure 4.5. These widths are due to real angle of arrival differences in the
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Figure 4.5: Histograms of the phase differences and amplitude ratios of receiver 3 with
each of receivers 4, 5 and 6, before time series correction. The histograms \Mere formed
with data from the vertical beam on the North-South array, over the height range from
4 - 8 km, for the 12-1415198 data set. Also shown are Gaussian fits to the histograms.
The mean of a Gaussian fit to a histogram for a given receiver with receiver 3 was

used as the offset to be subtracted at all heights in data from that receiver.
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Figure 4.6: Histograms of the phase differences and amplitude ratios of receiver 3 with
each of receivers 4, 5 and 6, after time series correction. The histograms were formed
with data from the vertical beam on the North-South array, over the height range from
4 - 8 lcm, for the 12-1415198 data set. Also shown are Gaussian fits to the histograms.
The mean of a Gaussian fit to a histogram for a given receiver with receiver 3 was

used as the offset to be subtracted at all heights in data from that receiver.
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signals received on a given pair of receivers. The narrow histograms of Figure 2.19

were the result of splitting a single output into four receivers; these were instrumental

variations, as opposed to the real variations seen in Figure 4.5. The test data set

discussed in Section 2.6, in Chapter 2, revealed that the minimum phase difference

between receivers that could be observed with the BP ST system was f5o, which

corresponds to AOA measurement of +0.2" for the smallest antenna spacings. The

width of the histograms in Figure 4.5 prove that the system is measuring real AOAs,

far in excess of the errors estimated for the test data set discussed in Chapter 2.

A combined time series, ts.o^b, can be obtained by adding the time series from the

receiver 3, ús3, which was used as the control receiver, and the time series from each

of the other receivers, each weighted with the means of the histograms

ts"o*b- úss + !tro$"n+ !tru$", + !r"u$ru, (4.1)Aa As A6

where, for examplertsa is the time series from receivet 4, AtlAn is the mean of

the histogram of the amplitude ratios of receivers 3 and 4, and ó"n it the mean of the

histogram of the phase differences between receivers 3 and 4. trach of the individual

terms in Equation 4.1 is the time series from a given receiver, corrected with respect

to receiver 3. Figure 4.6 shows the histograms of the phase differences and amplitude

ratios, once the time series from individual receivers had been corrected. It can be

seen that the histograms are centred on a phase difference of 0.0" and an amplitude

ratio of 1, as expected.

4.5 DBS and FCA horizontal velocities

Before comparing the DBS and FCA horizontal velocities, the DBS data that had

passed through the analysis discussed in Chapter 3 were first compared for consistency

between off-zenith beam angles. Figure 4.7 shows scatter plots of the hourly averaged

meridional velocity for the entire two day period frorn I2-I415 198, calculated from the

northward and southward beams at a given off-zenith angle, for all three combinations

of the three off-zenith angles in the beam sequence.

The data shown in Figure 4.7 are from the height ranges 3 - 8 km. The height
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F igure 4.7: Scatter plot of the varions combinations of DBS off-zenith beam meridional
velocities. The individual velocities are hourly averaged meridional winds at each range
gate from 3 - 8 km, over the fuÌl two day period frornT2-I415198. Also shown are the
lines y : x for each scatter plot, and the correlation coefficient for the data shown in
the corresponding scatter plot.

range up to about 8 km was used for all of the data in this thesis as it provided the

maximum number of results over the full length of the data sets. At times, good results

were obtained up to about 72 km but data at these ranges were patchy in time and

therefore not ideal.

It can be seen from Figure 4.7 that there is excellent agreement between the merid-

ional velocities from the various beam directions. The correlation coefficients shown

in Figure 4.7 were caiculated from the time series of hourly averaged meridional veloc-

ities, and range from 0.95 for the comparisons including the 3.6' beam, to 0.98 for the

7.2f 70.8" combination. These correlation coefficients are reflected in the spread and
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positioning relative to the line y : r of the scatter plots. The7.2'lI0.8o combination

shows a very tight clustering around the line y : r, while the combinations involving

the 3.6" beam show slightly more points below the line U : r¡ indicating that the

3.6o velocities are very slightly under-estimating the true meridional velocities with

respect to the other beams. This is the expected behaviour for beams affected by

aspect sensitivity, and as such is confirmation that these DBS horizontal velocities are

correct.

The correlation coefficients for the horizontal velocities at the minimum resolution

of nine minutes, due to the time taken to sample all of the beams in the sequence,

varied over height from from 0.70 io 0.87 for the 3.6" f 7.2' combination, 0.68 to 0.86

for the 3.6'/10.8" combination, and 0.86 to 0.94 for the7.2f I0.8o combination. This

general behaviour is in keeping with the trend for better agreement for the 7.2o,10.8o

combination, due to the reduced affects of aspect sensitivity at these larger angles.

Figure 4.8 shows a scatter plot of the hourly averaged DBS meridional velocities,

for each of the three off-zenith beams used, with the hourly averaged FCA off-zenith

meridional velocities over the same period. Note here that an individual FCA mea-

surement contributing to a given averaged value, was taken in the time between the

corresponding DBS off-zenith beam measurement, as shown in the beam direction

sequence description of Figure 4.3. For example, the comparison of hourly averaged

FCA wiih hourly averaged 7.2" DBS, used data which was collected at north 7.2" f.ot

one minute, then FCA on a 0.0o beam for one minute, and then south 7.2o for one

minute. The north and south beams were then combined to form a meridional veloc-

ity, using Equation 1.3 in Chapter 1, so that the DBS meridional velocity spanned the

time period including the FCA measurement. This beam sequencing meant that the

average of the individual FCA and DBS meridional velocities over one hour, provided

essentially coincident FCA/DBS data sets, since the individual FCA/DBS values used

to form the hourly average were collected over a period of only three minutes. This

means that Figure 4.8 actually shows the results of three, completely independant,

FCA/DBS experiments. For this reason, the correlation coefficients of each of these

comparisons is shown, one coeffi.cient for each of the three off-zenith beam directions

bracketing the corresponding FCA measurements in time. The velocities shown in
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Figure 4.8: Scatter plot of the hourly averaged meridional velocities from DBS and
FCA. The individual velocities are hourly averaged meridional winds at each range
gare from 3 - 8 km, over the full two day period fuorn12-1415198. Also shown is the
line y : x) and the correlation coefficient for the FCA with each of the three DBS
off-zenith beam meridional velocities used in the experiment.

5

0I

I

ØÀ

h
O

0)

õ

U

¡i
c)
à
Si
c)

H
H{

Ê

5

CORREIÁTION COEFFICIENTS

FCA vs Doppler 3.6 : 0.87 (diamond)

FCA vs Doppler 7.2 : 0.88 (triangle)

FCA vs Doppler 10.8 : 0.BB (square)

t̂r

4
F
o

D
oo

ô
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Figure 4.8 were measured over the height range from 3 - 8 km, for the entire data

collection period fuorr. I2-I415198.

Figure 4.9 shows the individual hourly averaged meridional velocities for the 10.8'

DBS data set, and the FCA data set, for each hour of the data set from 12-1415198.

These results are expressed as a function of time, for a set of ranges within those used

for the scatter plot shown in tr'igure 4.8. Also shown in Figure 4.9 are the merid-

ional wind estimates from the six-hourly radiosondes launched at Adelaide Airport,

represented by asterisks. The FCA velocities in Figure 4.9 arc shown with error bars

corresponding to the standard deviation of the meridional velocities withinthe one

hour time bin. For clarity, the error bars for the DBS velocities are not shown on this

plot as well. The DBS/FCA velocities shown in Figure 4.8 and Figure 4.9 were not

corrected for the 4o rotation of the BP VHF antenna arrays, as shown in Figure 2.1

of Chapter 2. Instead, the radiosonde data shown in Figure 4.9 were rotated by 4" to

lie in the same plane as the radar data.

It can be seen from Figure 4.8 and Figure 4.9 that the agreement between the

DBS and FCA meridional velocities is very good. In Figure 4.9, the FCA velocity

estimates are seen to be nearly always within the error bars of the 10r8o DBS velocity

estimates, and at times the point-to-point comparison between the two techniques is

excellent, as shown by the two lines joining the points for a particular method being

almost coincident. As expected, there are more outliers for the scatter plot shown in

Figure 4.8 then for the DBS off-zenith beam intercomparison scatter plotS shown in

Figure 4.7. However, the scatter in Figure 4.8 is well centred on the line y : r, and

the spread of the plot is seen to be quite small, as evidence by the high correlation

coefficients between the individual FCA/DBS comparisons of 0.87-0.88.

One limitation of this comparison is that the winds during the I2-I415/98 data

set were quite light, so the range over which the velocities were compared is quite

restricted. With respect to the comparison between the radar and radiosonde wind

values, the good agreement between the two radar techniques, as measured on the

same radar, suggests that the times when these two techniques do not agree well with

the radiosonde are a result of the spatial variation of the wind field between BP and

Adelaide Airport. The last radiosonde shown, and the early sonde velocities at the 3
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km range gate, in particular, do not agree very well with the radar wind velocities.

Except for these values, the radiosonde velocity estimates are generally within the

error bars of the 10,8" DBS velocities.

4.5.L Discussion

The DBS/FCA horizontal velocity comparison of Van Baelen et al. ll990l was from

data collected over a 3] day period, although results were presented for only one

data set, with ten 1 minute DBS data sets at 10o off-zenith, being compared with

twelve 40 second FCA data sets before and after the DBS data sets. This experiment

scheduling meant that the DBS and FCA velocities were spaced in time by roughly

nine minutes. The emphasis of the Van Baelen et al. ll990l study was to establish the

bounds within which the agreement between the two techniques was good or bad. As

such, antenna spacing, the effects of the vertical velocity, and comparisons with both

the FCA apparent and true velocities were investigated.

The DBS/FCA horizontal velocity comparison of Vincent et al. 11987] was based

on DBS data collectedat off-zenith angles of 4",7",llo and 15o, with the original BP

VHF ST radar. trach DBS data set took between 8-14 minutes to collect, one after

the other, over roughly 2|hotrs, with the FCA measurements being made in between

manually changing the DBS phasing cables. The emphasis of the Vincent et al. [1987]

work was to compare FCA winds on the BP VHF ST system, which was new at the

time, with wind measurement made by radiosondes. The work concentrated on the

differences between these two methods in order to verify the correct operation of the

radar.

As such, the work of Vincent et aL. 11987] and Van BaeLen et al. flggO] do not

present a comparison over a period long enough to do time averaging in order to

assume that the DBS and FCA are coincident. In contrast, the DBS/FCA comparisons

presented here are, firstly, collected closely in time, and secondly, collected over a

sufficient time period so that it can be assumed that averaging over an hour for each

method will provide a time series of essentially coincident values from the two methods,

over the full two day period. By taking this approach it was possible to calculate
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correlation coefficients and to show the results in scatter plot formation, both of which

give concrete information on the degree of similarity between the two techniques, in a

manner which has been used by other researchers to compare radar winds with other

techniques such as radiosondes.

Hoclcing [1997å] found a correlation coefficient between DBS and radiosonde wind

speeds of 0.92, and a correlation coefficient between DBS and radiosonde wind di-

rections of 0.97. While Vi,ncent et al. llg87], found a correlation coefficient of 0.91

between the wind direction measured using the FCA and radiosondes, and a corre-

lation coefficient of 0.85 between the magnitude of the wind speeds measured using

the FCA and the radiosondes, over the height range from 2 - 8 km. The differences

between the comparisons made in these two works can be explained in terms of the

fact that the Hocking lI997bl work used radiosonde data from sondes launched at the

radar site, while Vincent et al. 11987] used sondes launched at Adelaide Airport; the

same launching site as the sonde data used for Figure 4.9. Because of the fact that the

radar data collected for the FCA/DBS comparison presented here was restricted to the

meridional plane only, the correlation coefficients shown in Figure 4.8 are effectively

for the wind speed only. As such, the correlation coefficients shown in Figure 4.8 agree

well with the correlations coefficients determined by Hocking [1997ó] and Vincent et al.

[1987] for their radar/radiosonde wind speed comparisons.

4.6 DBS and FCA aspect sensitivities

Figure 4.10 shows time series of á" calculated using the Hocking et al. 11986] DBS

power method and FCA spatial correlation method, as discussed in Section 1.5 of

Chapter 1, over a range of heights. The data points in this plot are the median values

of d" for each method, over a one hour period, for the full two days of the 12-1415198

data set.

Individual F CA d, measurements in a given one hour period were calculated from

individual one minute FCA time series, from the vertical beams in the sequence shown

in Figure 4.3. The median value of these one minute FCA estimates was then calculated

for each height. Individual DBS d" measurements in a given one hour period were
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calculated from the power in the one minute time series in a given off-zenith beam,

and the power in the one minute time series in the vertical beam, collected either

directly before or directly after the off-zenith beam time series, as shown in the beam

sequence of Figure 4.3. This meant that d" values using the DBS method for the

north and south directions at a given off-zenith angle were not independant as they

use the same vertical beam parameters, from the beam directed between them in time.

The median value of the individual DBS estimates was calculated for each height, for

both the north and south directions. DBS d, from the north beam only are shown

in Figure 4.10. The results from the south beam were essentialiy identical and are

therefore not included.

The thick unbroken line in this plot represents d" values as calculated using the

FCA spatial correlation methocl. The thin unbroken line shows the DBS method using

the north 3.6o beams, the dashed line shows the DBS method for the north 7.2o beams,

and the dash-dot-dot-dot line shows the DBS method for the north 10.8' beams. As

discussed in Chapter 1 the spatial correlation method of measuring d" from FCA data

utilises pattern scale measurements. As such, it should be noted here that while the

limitations of the DBS power method of measuring d" are in the assumption about the

distribution of backscatter as a function of off-zenith angle, the limitations in the FCA

spatial correlation method are in the fact that the particular antenna spacing used in

the experiment will dictate to some extent the spatiai scales that are observeable.

This is a possible source of bias in FCA d" values. In the limiting case, if FCA data

is collected with radar beams that are too narrow the pattern scale measured with

the antenna groups will bear no relationship to the atmosphere scatterers. Holdsworth

[1995] has studied in detail the various potential biases in the FCA, including this

so-called beam-limiting case. However, the beam widths used for the FCA experiment

discussed here are not expected to be affected by this problem, and given the fact that

ihe FCA and DBS horizontal velocity values are in very good agreement, it is fair to

assume that no significant biases exist in the F CA data set examined here.
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4.6.L Discussion

A number of the features of the d" behaviour, as a function of time, height and method

are obvious from Figure 4.10. The first thing to note is that the values of d" as shown

in Figure 4.10 are in the same range seen by other workers, as discussed in Section

4.2. Secondly, the magnitude of the DBS method 9" values increases as a function

of the off-zenith beams used, with the iargest DBS d" values being produced by the

10.8o beam, and the smallest DBS d" values resulting from the 3.6o beam. This is also

agreement with the results found by other authors. Thirdly, it can be seen that there

is more variation as a function of time in the 10.8" and 7.2' DBS d" values then in the

3.6' DBS or the FCA d" values. And finally, it can be seen that in general the 3.6"

DBS á" values and the FCA P" values have similar magnitudes, in contrast with the

other two DBS d" estimates at 7.2o and 10.8'.

In order to understand this behaviour, it is necessary to examine the scattering

as a function of off-zenith angle that produced the á, results shown in Figure 4.10.

Figure 4.11 shows the hourly averaged signal power in each of the beams: 0.0o on the

North-South array, north 3.6o, north 7.2o and 10.8', at two of the ranges shown in

Figure 4.10. The data in the two plots shown in Figure 4.11 are expressed in linear

units in order to make the variation as a function of off-zenith power clearer. These

plots show signal power rather than SNR as signal power is used in the Hocking et al.

[1986] method to calculate the d" values.

For comparison with these signal power plots, Figure 4.12 shows the noise power

over the same period and range gates as for Figure 4.11. The passage of the galactic

centre is evident in the two plots of Figure 4.72 as the two enhancements at roughly

18 UT on 12l5l98 and 1315198. The galactic centre moves at a rate of approximately

15o an hour, and since all of the beams used in the 72-7415/98 data set were within

10.8" of one another, the galactic centre peaks in all of the beam directions within a

one hour period. The noise power values shown in Figure 4.1-2 are the median values

in the same hour of data for which the average signal power vaÌues were calculated for

Figure 4.11. The median was calculated for the data in Figure 4.12 ín preference to the

mean because of the "spiky" nature of the noise profiles. For Figure 4.11, the median
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and average values within a one hour period gave almost exactly the same results and

as such, the average was used. By comparing Figure 4.11 and Figure 4.72 1t can be

seen that the enhancements in signal power as a function of off-zenith angle shown in

Figure 4.11 appear to be genuine atmospheric enhancements, and not related to the

background noise as shown in F igure 4.12. The galactic centre is the main noise feature

and it appears to affect ail the beams in the same manner, while the enhancements in

power seen in Figure 4.11 do not.

The off-zenith power distributions at 4 km and 7 km shown in Figure 4.11 are quite

different from one another, as are the corresponding d" values for these two heights

as shown in Figure 4.10. ÃT, 4 lcm, between the hours of approximately 16 UT on

I2l5l98 and 2 UT on 7315198,, the d" values in Figure 4.10 for all methods track

each other; they all have the same general behaviour from point to point, despite the

offsets between the FCA and 3.6o DBS d" values and the 7.2" and 10.8" DBS values.

Figure 4.11 shows that in this period therewas alarge differencein the back-scattered

power as a function of off-zenith angle, with the po\l/er at 0.0' and 3.6" being greatly

enhanced above the power at 7.2o and 10.8". At 7 km,frorn the beginning of the data

set until about 10 UT on 7315198, the á" values in Figure 4.10 for all methods have the

same general behaviour, again, despite the offsets shown by the 7.2o and 10.8" DBS

methods. The backscattered power as a function of off-zenith angle in Figure 4.11

shows enhanced power at 0.0" and 3.6o relative to that at 7.2" and 10.8o.

It therefore appears that when the scatter in the 12-\415198 experiment was highly

aspect sensitive, that is, when the power observed in a given beam direction was

dependant on the pointing angle, all of the DBS d" values, at each of the angles used

in the experiment from 3.6" to 10.8" show the same general variation as the FCA d"

value, even though the 7.2' and 10.8" DBS d" values were larger. In addition, during

these periods of anisotropic scatter, the absolute value of d" from the 3.6" DBS and

FCA seem to agree very well, as seen in Figure 4.10. The assumption that other

researchers have made when á" values are the same for different beam directions is

that the beams are responding to the same scattering mechanisms. In this instance

then, it appears that the vertical and 3.6' beams are receiving backscatter from the

same scattering structutes, while the beams at 7.2' and 10.8" are receiving different
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scatter relative to the beams closer to zenith,

At other times in the data set, for example, at 4 lcm beforc 16 UT on L2l5 f 98 and

between 2rJT and 10 UT on the L315198, and al 7 km after 10 UT on 13/5/98, the

scatter as seen in Figure 4.11 appears to be quite isotropic, that is, independant of

the pointing angle of the beam. At these times, the values of d" in Figure 4.10 display

more variation as a function of d, calculation method. During these isotropic periods,

the 7.2" and 10.8o DBS methods show large variabiiity. The categorisation of scatter

in terms of d" as used by other workers is to ascribe á" values of greater than about

10" - 20" to isotropic scatter. It can be seen from Figure 4.10 that the value of d"

as measuled by the 7.2o and 10.8' DBS methods is often above 10o - indicating the

isotropic scatter seen in Figure 4.11.

With respect to the FCA 3.6" DBS d" calculation methods, these two do not show

quite the same consistently good agreement during the isotropic scattering periods.

At times during these periods, the 3.6" DBS values of d" are larger than the FCA

d" values, yet not quite as large and variable as the 7.2o and 10.8' DBS 9" values;

for example, the period between 12 UT on l3l5l98 and 0 UT I+15198 at 7 km. At

other times the agreement appears to be as good as for the aspect sensitive times, for

example, the period between abut 7 UT and 10 UT ot73l5l98 at 4 km.

The comparison of the 3,6' DBS d" values and the F CA d" values provides interest-

ing information on the nature of the off-zenith scattering distribution. During aspect

sensitive times, the fact that the 3.6' DBS d" and FCA d" values agree is suggestive of

one and the same scattering mechanism affecting both the 0.0' and 3.6o beam direc-

tions. During periods of isotropy, the fact that the good agreement between the 3.6"

DBS d" and the FCA d" is sporadic, is suggestive of competing scattering processes

at 3.6o. At times in these isotropic periods, the scattering mechanism present on the

vertical beam appears to be present on the 3.6o beam, while at other times, a less

aspect sensitive scattering mechanism appears to be at work, as shown by the fact

that the 3.6" DBS d" values are greater than the FCA á" values at these times. The

fact that the 3.6" DBS d" values are rarely as large as the values produced by the

further off-zenith DBS d" methods suggests that the scattering mechanism competing

with the vertical beam scattering mechanism is not quite the isotropic scatter seen
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on these further off-zenith beams, but instead perhaps a blend of the aspect sensitive

scatter seen on the vertical beam and the isotropic scatter seen on the larger'off-zenith

beams.

Figure 4.13 shows the d" values calculated using the DBS power method of Hooper

€i Tltomas [1995]. The thick unbroken line in Figure 4.13 shows the FCA d" values, the

thin unbroken line shows l,he Hooper €i Thomøs [1995] DBS á" method Tor 3.6' f 7.2',

the dashed line for 7.2" f I0.8", and the dash-dot-dot-dot line for 3.6'/10.8'. It can

be seen that the general behaviour of the d" values as a function of time, height and

method, is very similar to that shown in Figure 4.10, with the exceptions that the

DBS methods shown in Figure 4.13 seem to be more spiky in nature, and none of

the Hooper €j Thomas [1995] DBS d" methods give values in agreement with the FCA

method. This is not surprising given that it has already been established that only the

3.6o beam appears to be receiving similar scatter to that seen on the vertical beams

of the FCA method. As such, the use of beams further off-zenith in the Hooper Ü

Thomas [1995] method, rather than the use of the vertical beam as in the Hocking

et al. 179861 method, will not produce á" values in agreement with the FCA method.

4.7 Summary

In this chapter, SA FCA data have been compared with DBS data at off-zenith an-

gles of 3.6o,,7.2 and 10.8'. To the best of the author's knowledge, this is the first

successful application of FCA on a CoCo antenna array. In addition, this is the first

comparìson of the FCA spatial correlation 0" method and the DBS power á" method.

The results of the comparison show excellent agreement between FCA and DBS veloc-

ities, with correlation coefficients of between 0.87 and 0.88 depending on the off-zenith

DBS beams used. Reasonable agreement between the radar velocities and radiosonde

velocities from Adelaide Airport is also found.

Comparisons of á" using the FCA spatial correlation method and the DBS power

method of Hocking et al.11986l show that in aspect sensitive conditions, d" values from

the DBS method using an off-zenith angle of 3.6' agree very well with FCA 9" values,

indicating that the 3.6o off-zenith beam is responding to the same scatterers as the



4.7. SUMMARY r27

vertical beam. In isotropic scattering conditions, the agreement is sporadic, with the

3.6" DBS á" values often being larger. This result can be interpreted as evidence that

in the absence of strong aspect sensitivity, the 3.6" off-zenith beam is being influenced

by a combination of scatter from the vertical direction, and more isotropic scatter,

presumably from larger off-zenith angles.



122 CHAPTER 4. DBS AND FCA MEASUREMENTS



Chapter 5

Angle of arrival measurements

5.1- Introduction

In this chapter the results of experiments combining the Doppler beam swinging (DBS)

and angle of arrival (AOA) measuïements are presented. This chapter will begin with

a discussion of the AOA results of other researchers, working with VHF radars in the

ST region of the atmosphere. The rest of the chapter will focus on the experiments

that were conducted, beginning with a discussion of the set up of the radar, and the

necessary data analysis, before discussing the results that were obtained using this

combination of techniques.

5.2 Angle of arrival measurements

The AOA is a measure of the power-weighted mean position of the radiowave backscat-

ter. The first AOA measurements in the ST region were made by Vi,ncent €! Röttger

[1980]. They found AOA values in the range +1.5o, over the height range from ap-

proximately 2 - I0 lcm, in a short data set spanning some minutes. Soon afterwards,

Röttger Ü Ierkic [1985] proposed the time domain AOA calculation method shown in

Equation 7.I2 of Chapter 1. This is the most common method of calcuiating AOAs, al-

though frequency domain methods are also used (e.g. VanBaelen et al.l7991bl). Chau

€! Balsley [1998] discuss a comparison of the time and frequency domain methods and

conclude that the frequency domain method is more susceptible to outliers.

123



124 CHAPTER 5. ANGLE OF ARRIVAL MEASUREMENTS

For the most part, AOA measurements in the ST region have been made with the

purpose of examining their effects on vertical velocities. Evidence of a relationship

between AOAs and vertical velocity values was reported by Röttger et al. ll990l. In

this work, Röttger et al.ll990l measured the AOA in both the eastward and northward

planes, vertical velocity and power over the height range from approximately 2 - I3

km. The authors noted a periodic variation with altitude of the eastward AOA, which

appeared to be related to the radial velocity. A scatter plot of vertical velocity and

incidence angle revealed that the vertical velocity and the eastward AOA were corre-

lated, and further analysis revealed a gg% significant correlation coeffcient of between

0.25 and 0.31. The measured AOAs corresponded to inclinations of the scattering

structures in the direction of the horizontal wind. This fact led to the interpreta-

tion that the relationship between the vertical velocities and AOAs was caused by the

folding of the horizontal wind into the vertical beam by tilting of scattering layers.

Palmer et al. 179971 further demonstrated the effect of the horizontal wind being

folded into vertical beam measurements, by comparing the vertical velocity calculated

with an interferometry technique and that using standard DBS measurements. The

interferometry technique takes the AOA of the scatter into account, while the DBS

does not. The results of Palmer et al. [1991] revealed that larger differences between

the vertical velocities from the two methods occurred at heights where the AOA was

large, where all of the AOAs measured were in the range II'. Palmer et al. [1991] also

calculated a predicted difference between the DBS and interferometry method vertical

velocities by calculating the vertical velocity that would result from the projection of

the horizontal wind into the vertical DBS beam for the measured AOA. Their results

showed close agreement between the actual differences and the predicted differences,

indicating that DBS vertical beam velocities needed to be corrected for the effects of

the non-zero AOA within the beam.

The first attempt to do so was made l:y Larsen Ü Röttger [1991]. These authors

found eight minute average AOA values in the range Ì2o, and six hour average val-

ues in the range *1o. Larsen €! Röttger [1991] reported corrections to four days of

continuous data, and concluded by stating that the corrected vertical velocities were

in better agreement with the prevailing meteorological conditions then the original
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vertical velocities. Following these studies, VanBaelen et al. l799lb], Larsen et al.

[1992] and Palmer et al. [1993] discussed the use of angle of arrival information to

calculate wind velocity in the ST region using radar interferometry, or post-statistic

wind steering. The most relevant aspect of these studies to the work presented in this

chapter, are the AOA values seen by these authors. VanBaelen et al. lI99Ib] reported

values in the range tlo over a 12 minute period, while Palrner et al. 179931 found 24

hour average AOA values in range +0.2'.

The general assumption about the non-zero AOAs that have been measured by

various researchers is that they are a result of tilting of the specular layers in the

atmosphere that are believed to be at least partly responsible for the observed aspect

sensitivity at VHF wavelengths. The AOA is assumed to be the angle corresponding to

the peak in the power distribution as a function of off-zenith angle. Recently Palmer

et al.lL998l have reported results from a DBS/AOA data run over 30 minutes, using the

flexible middle and upper (MU) atmosphere radar in Japan, which appear to validate

this assumption. The authors used inter-pulse-beamsteering DBS measurements to

estimate the power as a function of off-zenith angle for 45 beams within 5o of zenith,

at every 30o of azimuth. In addition, they collected AOA data. Using the distribution

of power within 5o of zenith they calculated the offset of maximum power from zenith,

and compared it with the AOA measurement. Results were obtained for the altitude

range 8 - 16 lcm, and showed good agreement between the AOA and the angular

position of the maximum power as seen on the DBS beams, thereby verifying the

assumption that the AOA is the angle from which maximum backscattered power

originates, as measured in Doppler beams.

Most DBS systems are not capable of AOA measurements, however, DBS radars

can measure the power distribution as a function of off-zenith angle and recently

Worthington €j Thomøs [1996] and Tsuda et al.ll997b] have reported possible evidence

of tilted layers in data from off-zenith beam angles. The work of Worthi,ngton €l

Thomas [1996] was based around calculating the momentum flux in the ST region.

This method of measuring momentum flux was first proposed by Vincent €i Reid

[1983]. The momentumflux in a vertical plane is calculated by taking the difference of

radial velocity variances in two symmetrical off-zenith beams. Worthington €j Thomas
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[1996] examined the momentum flux measured using this technique, as well as with

the techniqre of Fukao et al. [1938] which uses the vertical beam vertical velocity, and

an off-zenith beam horizontal velocity, In addition, Worthi,ngton €! Thomas [1996]

proposed a third method using the vertical beam vertical velocity and the horizontal

veÌocity measured with two off-zenith beams. During their investigation, Worthington

ü Thomas [1996] noticed that the difference in power in off-zenith beams, at off-zenith

angles of 6o and 12o was often non-zero, and had non-random structure. In the case of

isotropic scattering, the difference in powers between off-zenith beams should be zero.

As such, Worthi,ngton ü Thomas [1996] suggested that these power differences might

be a result of tilted layers.

Further work on this subject was reported by Worthington €j Thomøs [1997] where

the power differences were investigated in more detail, with the result that the largest

of the power differences were found in conditions of simultaneous high wind shear and

high aspect sensitivity. The authors suggest that the effect might result from tilted

aspect sensitive layers. The work of Tsuda et al. llgg7b] involved scanning every

30' of azimuth at a constant off-zenith angle of 6o. These authors found that there

was significant azimuthal anisotropy, that is, measureable differences in the power as

a function of azimuth. Tsuda et al. ll997b] also developed a numerical model for

reflection from a corrugated layer, including the effects of vertical displacement of the

surface caused by gravity waves. This model was found to be consistent with their

resuits.

Despite the fact that tilted layers are expected to affect off-zenith DBS measure-

ments, and the recent DBS work that appears to prove that they do, there has been no

investigation of the link between non-zero AOAs measured on a vertical beam and the

DBS off-zenith beam behaviour seen by Worth.ington U Thomøs [1996] , Worthington

€j Thomas [1997] and Tsuda et al. lL997bl. Apart from the work by Palrner et al.

[1998], which confirms the assumption that AOA measurements are based on, all the

AOA work to date has concentrated on the effects of non-zero AOAs on vertical beam

data only. Under the assumption that non-zero values of the power differences between

symmetrical off-zenith beams, and non-zero values of the AOA measured on a vertical

beam are produced by the tilting of specular layers, the experiment discussed in this
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Figure 5.1: Antenna groupings for the experiment run over the period 18-2212198.

The numbers in each of the sections corresponds to the receiver that the antenna
group was connected to.

chapter was designed to use the new dual spaced antenna AOA/DBS capabilities of

the BP VHI' ST radar to investigate the relationship between these two quantities. In

addition, the data in this chapter were also used to calculate the AOAs in off-zenith

beams and to examine their effect on measurements of momentum flux, as these mea-

surements are especially sensitive to any differences in the backscatter in symmetrical

off-zenith beams.

5.3 Experiment description

As shown in Figure 2.13 of Chapter 2, it is only possible to split the East-West array up

into sections joined by east-west baselines. As such, in order to obtain AOA and DBS

measurements using both the East-West and North-South arrays, it was necessary to

split the arrays up into strips. A DBS/AOA experiment was conducted over the period

frornlS-2212198, with the East-West and North-South arrays split up as in Figure 5.1.

In this antenna arrangement, AOAs are only available in one dimension on each of

the East-West and North-South arrays. This was a iimitation in the data set, but the

benefit of conducting the experiment in this manner was that there was redundancy

in the determination of the AOAs on a given array, with two completely independant

estimates, and six inter-related estimates of the AOA on each array. Figure 5.2 shows

:-:+.+:
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Collection parameter Parameter Value

PRtr (112)
No. coherent integrations (10.8" I 3.6")
Time for one data set (seconds)
No. of data points (10.8" / 3.6")
Velocity resolution (*t-t)
Max. unaliased velocity (nzs-1) (10.8" / 3.6")
Height range (km)
Range gate (km)
Pulse length (km)

4096

5r2 I 7024
56.25

450 I 225

0.05
nJ I 5.5
2.0 - 15.0

0.5

1.0

Table 5.1: Data collection parameters for the 18-2212198 data set. Note the different
collection parameters for the different off-zenith beam direction data sets. This was

done in order to prevent aliasing and maintain the same velocity resolution between
data sets.

the beam sequence and directions that were used for the 18-2312198 experiment, while

Table 5.1 shows the data collection parameters. Note that there are two sets of 'No.

of coherent integrations', 'No. of data points' and 'Max. unaliased velocity' values.

These two ranges were set to obtain the velocity range most suited to the off-zenith

angle being used,3.6o or 10.8o, such that no aliasing occurred, while also maintaining

the same velocity resolution in each of the two data collection regimes. The vertical

beam in the sequence between each of the off-zenith coplanar 3.6o or 10.8' beams was

collected with the same parameters as the corresponding off-zenith beams, in order

to keep as many of the parameters constant between beam directions as possible. A

data set in a given beam direction took almost exactly one minute to coliect, once

data transfer times were taken into account. As such, a complete beam sequence took

12 minutes to collect. Figure 5.3 shows the one way polar diagram of one of the

strip receiving antenna groups shown in Figure 5.1. This diagram has a half-power

half-width of approximately 6.4" in the widest direction, corresponding to the short

side of the strip antenna groups, and approximately 1.6'in the narrowest direction,

corresponding to the long side of the strip antenna groups. This approximate figure

of 6.4" is that produced by the short side of the strip groups for both the East-West

and North-South arrays, although the diagram in Figure 5.3 is for the East-West array

only.
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Figure 5.2: Beam sequence and direction for the DBS/AOA experiment run over the
period 18-2212198.
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Figure 5.3: Cross-sections through the one way polar diagram of a strip of antennas
equal to one quarter of the East-West array, for a vertically pointing beam. Solid
lines denote the east-west cross-section and dashed lines denote the north-south cross-
section. This antenna grouping was used for the 18-23/2f 98 experiment.



130 CHAPTER 5. ANGLE OF ARRIVAL MEASUREMENTS

N/S CoCo

N

w E 44.4 m

S

6l.l m
47.1m

Figure 5.4: Antenna groupings for the experiment run over the period 24-2513198.
The numbers in each of the sections corresponds to the receiver that the antenna
group was connected to.
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Collection parameter Parameter Value

PRF (ãz)
No. coherent integrations (18.2" / 10.8" I 3.6')
Time for one data set (seconds)

No. of data points (18.2" / 10.8" / 3.6")
Velocity resolution (*t-')
Max. unaliased velocity (ms-1)(18.2" / 10.8" I 3.6')
Height range (lcm)
Range gate (km)
Pulse length (knz)

4096
25615r217024

56.25

eool45ol225
0.05

22.2 117.1 15.5
2.0 - 15.0

0.5
1.0

Table 5.2: DaT,a collection parameters for the 24-2513198 data set. Note the different
collection parameters for the different off-zenith beam direction data sets. This was

done in order to prevent aliasing and maintain the same velocity resolution between
data sets.

In addition to this main AOA experiment, the original DBS/FCA dataset which

was found to be unsuitable for FCA due to the longest antenna baseline being too large,

was also used to calculate AOA values. This experiment uses the North-South array

only, with the antenna arrangement shown in Figure 4.1., reproduced in Figure 5.4,

over the period 24-2513198. The beam sequence and directions used in the 24-2513198

experiment are shown in Figure 5.5, while Table 5.2 shows the corresponding data

collection parameters. Note that as for the 78-2212f 98 experiment, f,hts 2a-2513198

experiment uses different combinations of 'No. of coherent integrations', 'No. of data

points' and 'Max. unaliased velocity'in order to ensure that the most suitable velocity

range for a given off-zenith angle was used, while also maintaining the same velocity

resolution. A complete beam sequence was performed in nine minutes, one minute for

each beam direction. This antenna arrangement gives two estimates of the AOA in a

given plane, which are completely independant. The polar diagram for this antenna

arrangement was shown in Chapter 4, in Figure 4.4.

5.4 Data analysis

As for the data discussed in Chapter 4, the data in the L8-2312198 and 24-2513198

experiments were compiled into single beams for DBS analysis by adding the time series
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from a given receiver together, after accounting for the phase offsets ancl amplitude

differences between receivers. The DBS data were then passed through the analysis

described in Chapter 3. These phase offsets and amplitude differences were calculated

by fitting Gaussian function to the histograms phase differences or amplitudes for a

given receiver, with respect to a control receiver, which for this thesis, was receiver

three. This procedure was discussed in Section 4.4of Chapter 4. The phase offsets and

amplitude corrections to be applied for a given receiver, in order to add the DBS time

series together to form a beam in software, were calculated over a range of heights,

and then applied to the data for all heights of interest in the data set. These phase

offset and amplitude calculations were therefore implicit height averages. It was found,

however, that the phase offset actually varied as a function of heighi. This effect has

been found by other researchers, including Thorsen et al.ll997l and Holdsworth [1995].

The compilation of the DBS data was not found to be very sensitive to this height

variation, and as such, the height averaged corrections wele appropriate. This was

shown by the fact that slightly different corrections were calculated for the data from

the East-West and North-South arrays, yet there was virtually no difference in the

DBS results using different corrections on each array or the same corrections for both

arrays. These differences were approximately 10o between arrays, meaning that the

mean of the histogram from data in the East-West array was up to 10' different from

the mean of the histogram of data from the North-South array. The fact that the DBS

data was not sensitive -tg_!he different correction factors required for the two arrays,

and the fact that the difference in phase offset as a function of height was about the

same value as the array specific correction differences, meant that the DBS data was

also not sensitive to the height variation of the phase offsets.

However, the variation of the phase offset as a function of height did have a no-

ticeable effect on the mean value of the AOA. Figure 5.6 shows the phase offset as

a function of height, for all receiver pairs used in the test data set first discussed in

Chapter 2. Four receivers were used in this data set, each connected to the same

antenna, so that the phase differences that are seen between the receivers are an in-

strumental effect caused by various phase errors in the system. It can be seen that this

test data set shows significant variation as a function of range. Figure 5.7 shows the
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Figure 5.6: Phase offset as a function of range for the test data set in which all receivers
were connected to the same antenna. All receiver combinations are shown. This phase

offset measurement is the mean of the Gaussian function fitted to the histogram of
the phase differences between any two receivers, as a function of time, as discussed in
Section 4.4, Chapter 4.

effect on the real data set collected over the period 18-2212198. It can be seen that

similar variations in this data exist as were seen in the test data. Note that the data in

Figure 5.7 are plotted on a larger scale then the data in Figure 5.6. Figure 5.7 shows

the variation for a few of the receiver pairs, on both the East-West and North-South

arrays, thus showing the phase offset behaviour as a function of height and array.

If the mean offset as a function of heighi is removed from the time series of AOA

at a given height, Figure 5.7 shows that a mean, non-zero AOA would result. The

implication of a non-zero mean AOA is that the angle of arrival is consistently centred
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off-zenith. There is no atmospheric reason that this should be the case, especially over

a five day data set, and there is obvious proof from Figure 5.6 that the basic effect is

instrumental and not related to real AOA behaviour. As a result, the assumption was

made for the AOA data in this chapter that on average, the AOA should be 0.0". As

such, the mean of the AOA time series at each height, for both lhe 18-2212198 and

24-2513198 data sets, were removed so that no phase offsets existed.

5.5 Angle of arrival results

As mentioned in Section 4.3, the antenna arrangement used for the experiment con-

ducted over the period lS-2212198 allowed two independant and six inter-related es-

timates of the AOA on a given array. If the assumption is made that at any given

time, the AOA measured on each of the six possible combinations of antenna groups

in either the East-West or North-South array is the same) then the phase differences

measured on each of the six possible combinations of antenna groups should be directly

proportional to each other, where the difference between the combinations is due to

the different distances separating the various antenna groups.

Figure 5.8 shows histograms of the phase differences seen for each of the six possible

combinations of antenna groups, for the vertical beam on the North-South array. This

figure was compiled using data from the 78-2212f 98 experiment, over the height range

from 4 - 8lcm, in the same manner as I'igure 2.19 in Chapter 2, using test data, and

Figure 4.4in Chapter 4, using data from the period 1I-1415198. The histograms in

Figure 5.8 are shown overplotted with Gaussian functions which were fitted to the

histograms. It can be seen in Figure 5.8 that the widths of the histograms from the

receiver pairs 3 and 4, 4 and 5, and 5 and 6, are about the same, as expected from

the fact that the antenna groups connected to these three sets of receiver pairs are

separated by the same distance. For the same reason, the widths of the histograms

from the receiver pairs 3 and 5, and 4 and 6, are about the same, and larger than the

histograms from the afore-mentioned pairs. This is expected because the distances

between the antenna groups for the receiver pairs 3 and 5, and 4 and 6 are larger than

the distances between the receiver pairs 3 and 4, 4 and 5, and 5 and 6. Finally, the
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Figure 5.8: Histograms of the phase differences between each of the four receivers
before time series correction. The histograms were formed with data from the vertical
beam on the North-South array, over the heighi range from 4 - 8 km, for the 18-2212198
data set.

broadest histogram is for the receivers 3 and 6, which are connected to the antenna

groups on the ends of the antenna array, and therefore have the largest separation.

This behaviour is a good indication that roughly the same AOAs are being observed

on each of the possible antenna groups across the array.

Figure 5.9 confirms that the various combinations of antenna groups in a given array

measure almost exactly the same AOA. In addition it shows that the individual AOA

measurements are in the same range as those seen by other workers, as discussed in

Section 5.2, and that the values of the AOA are significantly larger then the minimum
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AOAs shown were measured at a range of 6 km, and are shown Tor a 24 hour period.
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observable AOA of 0.2" due to instrumental effects in the system, as discussed in

Chapter 2. Figure 5.9 shows a24ho:u time series of AOA from the 18-2212198 data

set. The AOA values shown were measured on the vertical beam of the North-South

array, at a range of 6 km, with the beam in the beam sequence between the north 3.6o

and south 3.6o beams, and are shown at the minimum resolution of 12 minutes. It can

be seen that the six profiles are very similar over the 24 hours shown in Figure 5.9.

Except for the "spikes" in the profile from the combination of receivers 3 and 6, the

agreement of the AOAs measured at any given time, on any given receiver combination

is excellent. This good agreement between the AOA values seen with the various

combinations of antenna groups was a general feature over the full five days of the

18-2212198 data set, for both the East-West North-South arrays, with the exception

of the AOA measured with the receiver 3 and 6 combination, which corresponds to

the two furthest antenna groups, which often showed spikes such as that shown in

Figure 5.9.

The reason for this behaviour is partly explained by the relatively large distance

between the two furthest antenna groups, which were connected to receivers 3 and 6 for

T,heL8-2212198 dala set. As explained in Chapter 1, an individual AOA is calculated

from the phase difference, ó;¡,between a given pair of antennas, i and j, a distance

d"¿¡ aparl, by using the equation

6¡j: sin-ttlll, (b.1)
'2nd¿.¡''

where á¿¡ denotes the value of the AOA. The distance between the antenna groups

dictates the range of AOAs that are observable. This range can be calculated by

substituting for the maximum range of the phase difference between receivers, +180,

into Equation 5.1, for a given antenna separation. For the largest spacing in the 18-

2212198 experiment of 66.6 m, the observable range of AOAs was I2.4", while for

the smallest separation of 22.2 m, the range was t7.2o. AOA values outside this

range were ambiguous and therefore not good AOA estimates. The vast majority of

AOA estimates from both the 18-2212198 and 24-2513/98 experiments were in the

range +1.5o, which is consistent with the transmitter beam half-power half-width on

the whole array for these experiments of between 1.6o and 1.7o. The percentage of
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Figure 5.10: Time series of the AOA measured for the 2 possible combinations of the 4
antenna groups on the North-South array that produce AOAs in the east-west plane,
for the 24-2513198 data set. The AOAs shown were measured at a range of 6 krn, and
are shown for a 32 hour period.

measured AOAs outside the observable range, for ail possible antenna separations,

was between 0.670 and I.7% for the L8-2212198 data, over the height range from 3

- 8 km. This range of percentages is from the four separate vertical beams used in

this experiment, as shown in the beam sequence in Figure 5.2. The percentage for

all possible antenna grouping separations, except that using the two groups furthest

apart, over the same height range and for the same 18-2312198 vertical beams was

between 0.02% and 0.4%; a clear improvement. The antenna group separations for

the 24-2513/98 experiment produce observable AOA ranges of 3.4' for the 47.L m east-

west separation and 3.6' for the 44.4 rn north-south separation. The percentages of

AOAs which lie outside the observable range for the 24-2513198 experiment were of the

same magnitude as the 18-2212198 values, excluding the largest antenna separation

pair.

The two estimates of the AOA as measured in a given pÌane for the 24-2513198

experiment do not show quite the same good point to point agreement as the estimates

from the 18-2212198 experiment do. This is not surprising given the larger beam
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width of the antenna groups of the 18-2212198 experiment. The wider cross-section of

the polar diagram for the 18-2212198 experiment is in the direction between antenna

groups, and is approximately double the width of the polar diagram for the 24-2513198

experiment, in the direction between antenna groups. This means that the beams

for the 18-2212198 experiment have greater coverage, ancl therefore a given antenna

group is more likely to sample the same scatterers as the neighbouring antenna group,

resulting in very similar measurements of the AOA. Figure 5.10 shows a 32 hour time

series of the AOA measured on the receiver pairs 3 and 4, and 5 and 6, lor the 24-

2513198 data set, with a vertical beam on the North-South array. These receiver pairs

give AOA values in the east-west plane. The AOA values shown \ /ere measured at a

range of 6 km, and were measured with the beam in the beam sequence between the

north 3.6o and south 3.6o beams. The values are shown at the minimum resolution

of 9 minutes. It can be seen that there is generally good agreement between the time

series of AOA values in Figure 5.10, but not the same striking agreement as for the

time series of AOA in Figure 5.9.

Given that the different estimates of the AOA measured in a given plane, at a

given time, show good agreement) an average value for the AOA in the plane can be

calculated from these individual estimates. Average AOAs were calculated for each

instant in time, using both possible combinations of the AOA in a given plane for

the 24-2513/98 data set, and all combinations of the AOA in a given plane for the

18-2212198 data set, except that from the antenna groups furthest apart.

Figure 5.11 and Figure 5.12 show the results, for the 13-2212198 and24-2513198

data sets respectively. The data is shown in histogram form, where the histograms

were compiled over the height range from 3 - 8 km in each case. It can be seen that

the distributions a e very narro\M, being less than half the value of the half-power

half-widths of the transmit beams used in the experiments, which had half-power half-

widths of between 1.6" and 1.7o. Note that the histograms are centredon 0.0o because

the phase offsets were removed at each height, as discussed in Section 4.3. The widths

of these distributions are similar to those seen in similar histograms plots by Chau Ü

Balsley [1998] who used a transmit beam half-power half-width of approximately 2"

and a receive beam half-power half-width of approximately 4.1o, and obtained Gaussian
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half-power haif-widths of approximately 0.4o

5.6 Off-zenith beam SNRs and vertical beam AOAs

In chapter 4 it was shown that in conditions of aspect sensitive scatter, vertical beams

and off-zenith beams at 3.6o produce á" values in very good agreement, suggesting that

the beams are responding to the same type of scatterers. In this section, the possibiliiy

that the two beams are responding to the tilting of specular layers is investigated, using

SNR (signal to noise ratio) data in off-zenith DBS beams, and AOA data on vertical

beams.

The data collection regime used for the work in this chapter was adopted so that

in one three minute period, a set of measurements including two symmetric off-zenith

beams and a vertical beam were collected in the order; off-zenith beam 1, vertical

beam, off-zenith beam 2. In this manner, under the assumption that the atmosphere

did not change dramatically over the three minute period, the SNR differences in the

symmetric pair of DBS beams were calculated and directly compared with the AOA

measured on the vertical beam.

Figure 5.13 shows a schematic of the simplest case of a single totally flat, or smooth,

tilted specular layer being observed in a vertical beam, and two off-zenith beams

directed at 3.6" to the north and south. The work by Tsuda et al. 17997b] suggests

that the layers are probably corrugated due to the passage of gravity waves, rather

then flat, or smooth, as depicted in Figure 5.13. However, the assumption that the

layer is flat is adequate for the present work. In addition, the fact that there is only

one layer in Figure 5.13 is not expected to be the case in real data. Any number of

layers may be present in the range gate of the radar, but the depiction of only one

layer in the range gate as shown in Figure 5.13 is adequate to describe the assumptions

about the relationship between the AOA and the SNR in the off-zenith beams. The

half-power half-width of the beam on the full arrays of the BP VHF ST radar, of

approximately 1.7", means that the 3.6o off-zenith beams are positioned exactly either

side of the vertical beam, neglecting the effects of biases towards the zenith due to

aspect sensitivity. The orientation of the layer in the beam as shown in Figure 5.13 is
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expected to cause the beam directed to the north to receive slightly more power than

the beam directed to the south, due to the fact that the beam directed to the north

is more perpendicular to the layer. At the same time, the layer is expected to cause

a slightly off-zenith AOA in the vertical beam, with the direction slightly towards the

north.

Before presenting the comparison of the SNR differences and AOA data, it is

necessary to determine the nature of the scattering affecting the data sets. The top

plot in Figure 5.14 shows the SNR profiles for three beams used in the 18-2212198

experiment, over the full 5 days of the data set, at a range of 5.5 lcm. The thick

solid line in Figure 5.14 corresponds to the vertical beam on the North-South array,

the thin solid line shows the SNR for the 3.6o off-zenith beam, and the dashed line

shows the SNR for the 10.8o off-zenith beam. There were six minutes separating the

measurements in the three beams. Despite this, it can be clearly seen from this plot

that the atmosphere sampled by these three beams is aspect sensitive throughout the

data set, with a slight drop in SNR between the 0.0" and 3.6o off-zenith beams, and a

large decrease in SNR between these two beams and the 10.8o off-zenith beam. This

off-zenith SNR behaviour was a general feature of the backscatter over the full height

range of interest in this work, from 3 - 8 km.

The bottom plot in Figure 5.14 shows the SNR of the north and south 3.6' off-zenith

beams, also at a range of 5.5 lcm, over the full 18-2212198 data set. The northward

beam is shown as the solid line, while the southward beam is shown as the dashed line.

It should be noted that in this figure, the time in hours along the r-axis is approximate

only as it is rounded to a whoie number and as such, the difference between any two

labeis on the r-axis varies from 6 to 7 hours. It can be seen in the bottom plot of

Figure 5.14 that the pair of 3.6" beams track each other fairly well, despite the fact

that two minutes separated the measurements in each beam. It can also be seen,

however, that there are differences between the two beams. The time series of SNR in

Figure 5.14 are shown at the minimum possible resoÌution of 12 minutes for the data

collection in a given beam of the 18-2212198 experiment.

As discussed in Chapter 1, the aspect sensitivity of the atmosphere results in

underestimation of the horizontal wind speed measured in an affected off-zenith beam.
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Figure 5.13: Schematic showing the measurement of a tilted specular layer in a vertical
beam and two off-zenith beams directed at 3.6' to the vertical, under the assumption
that the layer is observed in all three beams, directed one after the other over a three
minute period.

The actual beam clirection is biased towards vertical by the aspect sensitive scatter,

which results in an over-estimation of the bore-sight angle at which a given DBS

velocity is measured. As such, since the atmosphere was observed to be fairly aspect

sensitive during the 78-2212198 dala set, there are expected to be under-estimations

in the horizontal velocity measured in 3.6o off-zenith beams relative to that measured

in 10.8" off-zenith beams. Figure 5.15 shows the meridional velocity measured in

various beams, at a range of 5.5 km over the full 18-2212198 data set. The top plot

in Figure 5.15 shows the north 3.6o off-zenith beam as the thin line, and the north

10.8o off-zenith beam as the thick line. The bottom plot in Figure 5.15 shows the

corresponding south beams, with the thin line representing the south 3.6o off-zenith

beam and the thick line representing the 10.8o off-zenith beam. The velocity time

series in Figure 5.14 are shown at the minimum possible resolution of 12 minutes for

the data collection in a given beam of the L8-2212198 experiment.

It can be seen from Figure 5.15 that the 3.6o measurements of the meridional

velocity are highly variable relative to the 10.8o velocity measurements. There were

six minutes between a measurement in a 3.6o off-zenith beam and a measurement

in the same direction on a 10.8" off-zenith beam. This six minute separation of the
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Figure 5.16: Scatter plot of SNR differences seen in the off-zenith beams north 3.6o

and south 3.6o versus AOAs seen on the vertical beam directed between the north
and south beam in time. Data is from the height range from 3 - 8 km, over the full
18-2212198 data set.

sampling will cause a reasonable amount of variation between the two profiles in a

given direction. However, it can be seen that, the 3.6o off-zenith values are on average

smailer then the 10.8o off-zenith values, once the high variability of the 3.6o off-zenith

velocities is taken into account.

The investigation of the relationship between SNR differences in symmetrical off-

zenith beams, and AOAs on vertical beams, was undertaken in a similar manner as

that used by Röttger et al.179901 who investigated the relationship between AOA and

vertical velocities via correlation techniques, as discussed in Section 5.2. The first step

in this process was to examine the behaviour of the time series of SNR differences,

relative to the corresponding time series of AOAs. The individual measurements of

the SNR differences were assumed to be coincident with the corresponding individual

measurements of AOA, although in reality the three beams necessary for the measure-

ments were directed sequeniially and each took approximately one minute to collect.

Note that all the SNR differences in a given pair of symmetrical off-zenith beams were

calculated north beam SNR - south beam SNR, and east beam SNR - west beam SNR.
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Figure 5.17: Scatter plot of SNR differences seen in the off-zenith beams north 10.8"
and south 10.8o versus AOAs seen on the vertical beam directed between the north
and south beam in time. Data is from the height range from 3 - 8 km, over the full
18-2212198 data set.

Figure 5.16 is a scatter plot of the SNR differences observed in the north and

south beams at 3.6o off-zenith, and the AOA measured on the vertical beam directed

between them in time. Figure 5.17 is a scatter plot of the SNR differences observed in

the north and south beams at 10.8' off-zenith, and the AOA measured on the vertical

beam directed between them in time. In both Figure 5.16 and Figure 5.17 the SNR

differences are plotted along the u-axis while the corresponding AOAs are plotted

along the y-axis. Both scatter plots were compiled from data over the height range

from 3 - 8 km, using data at the minimum possible resolution of 12 minutes over the

ldlL8-2212198 daía set. These two figures are shown overplotted with the lines r :0
and y: 0 for reference. The AOAs in these figures are the average AOA values at a

given point in time, for all receiver pair combinations except that corresponding to the

antennas with the largest separation, as discussed in Section 5.5. This average value

of the AOA across the various antenna groups is used throughout the analysis in this

section.

0.0"

2

0
o

3

When comparing Figure 5.16 and Figure 5.17 it can be seen that the scatter in
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Key for correlation plots
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Figure 5.18: Key for the plots on the following pages. The data at a range of 3 km
is shown using diamonds connected with a dashed line, data at a range of 3.5 km is
shown with asterisks connected with a dashed line and so on, over the height range
from3-8lcm.

the first figure has a distinct positive slope to it, while the scatter in the second figure

shows virtually circular scatter about the origin of the plot. Figure 5.16 is suggestive

of a relationship between the SNR differences seen on symmetrical off-zenith beams

directed at 3.6" off-zenith, and the AOAs seen on a vertical beam between the two

off-zenith beams in time. While Figure 5.17 shows that there is no clear relationship

between ihe SNR differences seen on symmetrical off-zenith beams directed at 10.8"

off-zenith, and the AOAs seen on a vertical beam between the two off-zenith beams in

time. Before examining this behaviour in more detail, it is necessary to introduce the

key to plots on the pages that follow. Figure 5.18 shows the plot symbol that is used

for the data at a given height on the following pages.

In order to obtain more detailed information on the relationship between the AOAs

and the SNR differences between a given pair of symmetric off-zenith beams, correla-

tion coefficients were calculated. Given the scatter in Figure 5.16, perfect correlations

resulting in a correlation coefficient of 1.0 were not expected. As such, it was necessary

to determine the significance of any correlation coefficients that were calculated, and

9Xt
ttl
9Xt
:tlox+
::lö*+
öi<+

o

o

0

o

+

+

+

+



5,6. OFF-ZENITH BEAM SNRS A¡\rD VERTICAL BEAM AOAS 151

to determine the lower limit of what constituted a "real" correlation coefficient.

If the true linear correlation coefficient, r, between two variables which are Gaussian

distributed is zero, then the statistic

(5.2)
(1 - "')

has a ú-distribution with n - 2 degrees of freedom, where n is the number of samples.

Given this, the linear correlation coefficient is significantly different from zero at the

a level of confidence if

) tolz,n-z (5.3)
(r - r')

where tof 2,,-2 is the f statistic for the appropriate number of samples and confidence

level. Both the SNR difference data and the AOA data used here had Gaussian

distributions. Correlation coefficients were calculated at each height for each of the

five days of the 18-2212198 data set. Small data gaps in the DBS data resulted from

the rejection of outliers as discussed in Chapter 3 of this thesis. No interpolation over

data gaps was performed, as such, the correlation coefficients were calculated for only

those points in time where data existed in all three beams. The minimum number of

points suitable for correlation at a given height, on a given day in the 78-2212198 data

set was found to be 100. Using this value of n, correlation coefficients greater than 0.2

were found to be significantly different from 0.0 at |he 95% confidence level

As a further test of the validity of the correlation between the SNR differences and

AOAs, the non-parametric or rank correlation coefficient was also calculated. Rather

than calculating the correlation coefficient of the data, rank correlation calculates the

correlation coefficient of the ranks of the data. Each data point is replaced with

its rank within the data set and the two sets of ranks are correlated. This kind of

correlation assumes nothing about the distribution of the original data and as such is

considered to be a more robust measure of correlation than linear correlation, in the

same way that the median is more robust than the mean (Press et al. [1986]). The

Spearman rank-order correlation coefficient, rs, was used to compa e with the linear

correlation coeffi.cient. The same significance test as was applied to r can be applied



752 CHAPTER 5. ANGLE OF ARRIVAL MEASUREMENTS
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Figure 5.19: Linear correlation coefficients for the SNR differences seen on 3.6'off-
zenith DBS beams to the north and south, and the AOAs seen on the vertical beam
directed between the DBS beams in time, for the 18-2212198 data set. Coefficients are
shown as a function of day and height, where data points outside the shaded region
are significant at the g5% confidence level.

to r", resulting in the same 95% confldence level of significant correlation for r" larger

than 0.2.

In practice, for the variables used here, the difference between the correlation

coefficient from linear and rank correlation was minimal, due to the fact that the

variables were weÌl described by Gaussian distributions, and as such, were well suited to

the linear correlation test. Figure 5.19 shows the linear correlation coefficient between

the SNR differences in the north and south beams at 3.6o off-zenith, and the AOA

measured on the beam between them in time, for each day of the 78-2212/98 data set,

at all heights from 3 - 8 km. The shaded area in this plot shows the area within which a

correlation coefficient is not significant. Points outside the shaded area are significant

correlations at the gSToIevd.,while points inside the shaded region are not significantly

different from a correlation coefficient of 0.0. Figure 5.20 shows the Spearman rank-

order correlation coefficient for exactly the same data as in Figure 5.19. It can be seen

that the two are very similar. As such, the linear correlation coefficient appears to be

a robust measure of the degree of correlation between the two variables and was used
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Figure 5.20: Spearman rank-correlation coefficient for the SNR differences seen on 3.6o

off-zenith DBS beams to the north and south, and the AOAs seen on the vertical beam
directed between the DBS beams in time, for the 18-2212198 data set. Coefficients are
shown as a function of day and height, where data points outside the shaded region
are significant at the 95% confidence level.

for the remainder of the data.

It can be seen from Figure 5.19 that there is significant positive correlation between

the SNR differences as seen on DBS beams directed at 3.6o off-zenith to the north and

south, and the vertical beam AOA. The variation of the SNR differences, as seen in

the two off-zenith beams at 3.6o, is therefore related to the AOA on the vertical beam.

Figure 5.21 shows the linear correlation coefficient between the SNR differences as seen

on DBS beams directed at 10.8" off-zenith to the north and south, and the AOA as

measured on the vertical beam directed between the off-zenith beams in time. It can

be seen that in contrast to Figure 5.19, there are hardly any significant points in this

figure, which suggests that the SNR differences as seen on the two off-zenith beams at

10.8o are independant of the AOA as seen on the vertical beam.

Figure 5.22 ar'd Figure 5.23 show the linear correlation coefficient diagrams for

the data from the East-West array. Figure 5.22 shows the correlation between SNR

differences seen on DBS beams directed at 3.6o off-zenith to the east and west, and the

AOA measured on a vertical beam directed between the two off-zenith beams in time.

-0.5

+J

o

0)

+)
cl
(¡)
k
tr



154 CHAPTER 5, ANGLE OF ARRIVAL MEASUREMENTS

N/S 10.8' SNR diff. wirh N 0.0" AoA
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Figure 5.21: Linear corr.elation coefficient for the SNR differences seen on 10.8'off-
zenith DBS beams to the north and south, and the AOAs seen on the vertical beam
directed between the DBS beams in time, for the 18-2212198 data set. Coefficients are
shown as a function of day and height, where data points outside the shaded region
are significant at lhe g5% confidence level.

While Figure 5.23 shows the correlation results for the 10.8" off-zenith DBS beams

to the east and west and the AOA for the vertical beam directed between the two

off-zenith beams in time. It can be seen that the behaviour for the two angles is very

similar to that seen in Figure 5.19 and Figure 5.21, with a high number of significant

correlations for the 3.6o off-zenith data, and fewer significant correlations for the 10.8"

off-zenith data. Significant correlation coefficients for the 3.6o off-zenith data are in

the range from 0.2 - 0.5, while significant correlation coefficients in for the 10.8o are

in the range 0.2 - 0.3.

In order to check that the significant correlations for 3.6o off-zenith data shown in

I'igure 5.19 and Figure 5.22 werc meaningful, the correlation coefficient between the

SNR differences seen on the north and south 3.6o off-zenith beams ancl the AOA seen

on the vertical beam that was directed between the north and south 10.8" off-zenith

beams in time was caiculated. This correlation is between an SNR difference measured

on 3.6o off-zenith beams at one time, and an AOA measured on the vertical beam on

the same array, six minutes later. Figure 5.24 shows the results. It can be seen that the
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Figure 5.22: Linear correlation coefficient for the SNR differences seen on 3.6" off-

zenith DBS beams to the east and west, and the AOAs seen on the vertical beam
directed between the DBS beams in time, for the 18-2212198 data set. Coefficients are

shown as a function of day and height, where data points outside the shaded region
are significant at the 95% confidence level.

E/W t0.8" SNR diff. wirh E 0.0" AoA
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Figure 5.23: Linear correlation coefficient for the SNR differences seen on 10.8" off-

zenith DBS beams to the east and west, and the AOAs seen on the vertical beam
directed between the DBS beams in time, for the 18-2212198 data set. Coefficients are

shown as a function of day and height, where data points outside the shaded region
are significant at the 95% confidence level.
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N/S 3.6' SNR diff. with delayed N 0.0" AoA
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Figure 5.24: Linear correlation coefficient for the SNR differences seen on 3.6' off-
zenith DBS beams to the north and south, and the AOAs seen on the vertical beam
measured 6 minutes after the DBS beams, for the 18-2212/98 data set. The AOAs
used here were measured on the vertical beam that was directed between the 10.8'
off-zenith DBS beams to the north and south.

number of significant correlations has decreased between this figure and Figure 5.19.

This suggests that the variation in the atmosphere over the six minutes is such that

the vertical beam measuring the AOA, and the 3.6o off-zenith beams measuring SNR

differences are not experiencing the same scatter, as they were for the data shown in

Figure 5.19. A further check was made by calculating the linear correlation coefficient

between the SNR differences seen on DBS beams at 3.6o off-zenith to the north and

south, and the AOA measured on the vertical beam that was directed between the

east and west 3.6o off-zenith beams in time. This correlation is between the SNR

differences measured with 3.6" off-zenith beams on one array, and the AOA measured

only three minutes later, on the opposite array. Figure 5.25 shows the results. It can

be seen that there are virtually no significant correlations between these two data sets,

as expected since the data from the two antenna arrays are completely independant.

The same analysis that was performed for various combinations of SNR differences

and AOA for the 18-2212198 data set, was also used on the24-2513/98 data set. The

backscatter in the 24-2513198 data set was aspect sensitive throughout, in the same
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N/S 3.6' SNR diff. with delayed E 0.0'AoA
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Figure 5.25: Linear correlation coefficient for the SNR differences seen on 3.6o off-
zenith DBS beams to the north and south, and the AOAs seen on the vertical beam
measured 3 minutes after the DBS beams, for the 18-2212/98 data set. The AOAs
used here were measured on the vertical beam that was directed between the 3.6"

off-zenith DBS beams to the east and west.

manner as for the 18-2212198 data set, although it is not shown here. Figure 5.26

shows the results for the correlation between the SNR differences of the north and

south DBS beams at 3.6o off-zenith, and the AOA measured along the north-south

baseline of the vertical beam directed between them in time, for each of the ranges

from 3 - 8 km, for the two days of the 24-2513198 data set. The AOA here is the

average AOA measured using the two pairs of antenna groups along the north-south

baseline, as discussed in Section 5.5. Because of the fact that there were less beam

directions in this data set relative to the 18-2212198 data set, the number of points in

the sample to be correlated was higher, which resulted in a decrease in the minimum

significant correlation coefficient from 0.2 in the 13-2212198 data set io 0.16 in the

24-2513198 data set. Figure 5.27 shows the results for the correlation between the

SNR differences of the north and south DBS beams at 10.8' off-zenith, and the AOA

on the vertical beam directed between the these off-zenith DBS beams in time.

It can be seen that the behaviour of the correlation coefficients shown in Figure 5.26

and Figure 5.27 is very similar to that for the same beam direction combinations in the
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N/S 3.6' SNR diff. with N 0.0'AoA
1.0

0.5

0.0

- 1.0
24/3/sB 25/3/eB

Date

Figure 5.26: Linear correlation coefficient for the SNR differences seen on 3.6" off-
zenith DBS beams to the north and south, and the AOAs seen on the vertical beam
directed between the DBS beams in time, for the 24-2513198 data set. Coefficients are
shown as a function of day and height, where data points outside the shaded region
are significant at the g5% confidence levei.
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Figure 5.27: Linear correlation coefficient for the SNR differences seen on 10.8' off-
zenith DBS beams to the north and south, and the AOAs seen on the vertical beam
directed between the DBS beams in time, for the 24-2513198 data set. Coefficients are
shown as a function of day and height, where data points outside the shaded region
are significant at lhe g5% confidence level.
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18-2212198 data set, with the exception that the correlation coefficients were generally

lower in the 24-2513198 data set. As was noted in Section 5.5, the AOA measurements

from the 18-2212198 data set showed a greater similarity between the various antenna

groups along a given baseline then the AOA measurementsfrom the24-2513/98 data

set. As such, the average AOA for theLS-2212198 data set is expected to be a better

measure of the actual AOA then the average AOA for the 24-2513198 data set. This

fact could explain the relatively lower correlations for the 24-2513198 data set, as seen

in Figure 5.26 and Figure 5.27.

5.6. 1- D iscussron

In Chapter 4 it was shown that in aspect sensitive conditions the value of á" as mea-

sured using vertical beams only, with the FCA spatial correlation method, and as

measured on a vertical beam and a beam at 3.6" off-zenith, with the DBS method,

produced very similar values of d" which suggests that the two beams were responding

to the same scatterers. In addition, the d" values that were calculated for the 0.0' and

3.6o off-zenith beams using the Doppler method in Chapter 4, during aspect sensitive

periods, were less than 5o. Recent calculations by Hocki,ng €J Hamza [1997] suggest

that d" values less then 5o are the result of specular scatter. These authors claim

that anisotropic turbulence is not capable of producing scatter that is aspect sensitive

enough to produce d" values below 5". If this is the case, then the scatter which both

the 0.0" and 3.6" beams in Chapter 4 are measuring is most likely to be due to specular

layers, which may be tilted.

The data sets presented in this chapter, from 18-2212198 and 24-2513/98 were

aspect sensitive throughout, and although the 0" values from the 0.0' and 3.6" off-

zenjth beams for these data sets are not shown, they were less than 5o in the same

manner as the aspect sensitive d" values which were calculated for Chapter 4. This

fact, coupled with the fact that the SNR differences between symmetrical off-zenith

beams, and AOA values on a vertical beam directed between the off-zenith beams in

time, were shown to be significantly correlated for most heights throughout the data

sets, suggests that the 3.6' off-zenith DBS beams and the vertical beam are receiving
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backscatter from tilted specular layers. This behaviour was observed in data from both

the zonal and meridional planes, in two different data sets, collected using different

antenna arrangements.

Scattering from specular layers, which may be tilted, and anisotropic turbulence

are believed to be the mechanisms which cause aspect sensitive scatter. Anisotropic

turbulence could be responsible for the non-zero AOA measurements presented in

this chapter. But, there is no physical reason why the AOA produced by anisotropic

turbulence, as observed in a vertical beam, should be correlated with the differences in

SNRs in off-zenith beams at 3.6". However, tilted layers do provide a sound physical

reason for the significant correlations between the 3.6" off-zenith, and vertical beam

data that have been shown in this chapter.

In contrast to the 3.6o off-zenith results, there were far fewer significant correla-

tions between the 10.8" off-zenith beams and the corresponding vertical beam AOAs,

measured on a beam directed between the off-zenith beams in time. The lower num-

ber of significant correlations as a function of height and day for the 10.8' off-zenith

comparison vr'as seen in both zonal and meridional data, for both the 18-2212198 and

24-2513198 data sets. This result suggests that the 10.8o off-zenith DBS beams were

not responding to the layers measured in the vertical beam as often as the 3.6' off-

zenilh beams. Another possible cause could be the difference between the sampling of

the 3.6" and 10.8" off-zenith beams. At the highest range used for this work, 8 km, the

3.6o off-zenith range gate is centred on a height of 7.98 lcm,while the 10.8'off-zenith

gate is centred on a height of 7.86 lcm. The range gates used for this work were 1 km,

in length, which meant that the 10.8o off-zenith beam samples approximately 86% of

the same height range as the vertical beam. In addition, the 10.8o off-zenith beams are

approximately 3 km apaú at a range of 8 km, while the 3.6" off-zenith beams are ap-

proximately 1 km apart at the same range. These spatial differences could contribute

in some way to the differences between the relationship between the AOAs and the

3.6o or 10.8o off-zenith beams. In that case, the difference in the correlation behaviour

for the two different off-zenith angles might be indicative of the horizontal extent of

the layers seen on the vertical beam, and the concentration of layers within a radar

range gate.
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The fact that there were some signifi.cant correlations between the 10.8" off-zenith

beam SNR differences and the vertical beam AOAs, for the 13-2212198 data set at

least, does suggest that there are times when the 10.8' off-zenith beams are affected by

the aspect sensitive layers observed with the vertical beam. This is in agreement with

the work of Tsuda et al. l|997a] which showed that truly isotropic scatter was only

consistently measured with beams directed at angles of 18' off-zenith or more. The

generally lower correlations between the data for the 24-2513198 data set meant that

there were no significant correlations at ail for the 10.8" off-zenith SNR differences and

the AOAs. Because of this, it was not possible to see if there was a difference between

this behaviour and that at 78.2o off-zenith for fhe24-2513/98 data, as both sets had

no significant correlations.

Correlation coefficients were also calculated between the 3.6o off-zenith beam SNR

differences on the north and south beams and the AOAs measured on a vertical beam,

on the North-South array, six minutes after the 3.6" off-zenith beams. This was done

for the 18-2212198 data set only. It was found that the number of significantly correla-

tions reduced markedly, compared to the number when using the essentially coincident

vertical beam AOAs. In addition, correlation coefficients for the 3.6" off-zenith beam

SNR differences on the north and south beams and AOAs measured on a vertical

beam, on the East-West array, three minutes after the 3.6o off-zenith north and south

beams were calculated. This was also done for the 18-2212198 data set only. The

North-South and East-West arrays are totally independant and as such, the measure-

ments were expected to be unrelated. This was seen to be the case with virtually no

significant correlations for this pair of variables.

The fact that there were some significant correlations between the pair of off-

zenith SNR differences at 3.6o off-zenith and the AOA measured six minutes later on

the same array, suggests that while most of the layers have modified enough within

the six minutes, such that the number of significant correlations is reduced, there are

still a number of layers that are similar enough in their orientation that they are still

significantly correlated with the SNR differences recorded six minutes earlier.

The fact that the vertical and off-zenith data presented in this chapter were not

collected simultaneously will have an effect on the results discussed here. The results
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of Palmer et al. [1998] which showed excellent agreement between the direction of

maximum backscattered power in off-zenith beams and AOAs on a vertical beam,

were collected essentially simultaneously using inter-pulse-beam-steering. It is possible

that the actual value of the significant correlation coefficients for the 3.6' off-zenith

DBS data would be closer to 1 if the clata presented here were collected in a similar

manner. Although it is also possible that the layers seen on the 0.0" and 3.6" off-zenith

beams have enough "roughness", or corrugations, that the small differences created

by sampling different parts of the layer will result in no better agreement between the

AOAs and the SNRs on off-zenith beams than what has been seen here, regardless of

the data collection regime.

5.7 Off-zenith beam AOAs

The results from the previous section suggested that 10.8" off-zenith beams were for the

most part not affected by the tilting of the structures seen on a vertical beam. However,

there is some variability in the AOA within any radar beam due to the finite beam

width. A number of authors have presented momentum flux measurements in the ST

region of the atmosphere in recent years. Because of the manner in which momentum

flux measurements are made they are especially sensitive to anything which might

cause a difference in the radial velocities in two symmetric off-zenith beams. As such,

it is worth examining the role different that varying AOA measurements in off-zenith

beams play in measurements of momentum flux. In this section AOA measurements

from the off-zenith beams used in fhe18-2212f98 experiment are presented, and the

effect of the AOA variation within the symmetric beams required for momentum flux

measurements are quantified over the course of a data set.

In Chapter 3 it was noted that the east beam data was affected by ground clutter.

In the context of AOA measurements, this fact means that the time series from the

east beams may have scatter from the main lobe which gives a certain AOA value,

and scatter coming in through sidelobes or even in through the main lobe which

corresponds to a different AOA. As discussed in Section 5.5, the distance separating a

given pair of receiving antennas determines the range of off-zenith angles that can be
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measured. AOAs which are outside this range will alias and are therefore ambiguous.

For the 18-2212198 data set, it was found that the eastern beam AOA time series,

particularly at 10.8o, aliased quite often, indicating thai AOAs were being observed

outside the main lobe. The fact that it was the east beam time series that had this

problem suggested that it might be due to ground clutter, and as such, only the data

from beams to the north and south will be discussed here.

Figure 5.28 shows a histogram of the average AOAs measured in the north and

south beams at 3.6o off-zenith, for the range from 3 - 8 lcm, in the 18-2212198 data set.

The average AOAs were calculated in the same manner as the AOAs for the vertical

beam data, discussed in Section 5.5. Figure 5.29 shows the corresponding histogram

for the average AOAs in the north and south beams at 10.8o off-zenith, for the same

range, in the same data set. Both figures include the Gaussian fits to the histograms

and the corresponding half-power half-width (HPHW) value, and are plotted over the

same g-axis range. It can be seen from these two frgures that there is a noticeable

difference between the shape of the AOA histograms of the 3.6o and 10.8" off-zenith

beams. The 3.6" off-zenith beam histogram is much wider and flatter then the 10.8"

off-zenith histogram. This is consistent with the fact discussed in the last section that

the 3.6" off-zenith beams appear to be responding to the changing AOAs caused by

ihe tilting of specular layers, whereas the 10.8" off-zenith beams do not appear to be

as affected by this scatter. It should be noted that these histograms have half the

number of points in them when compared to the histograms for vertical beam data

from the same data set, as shown in Figure 5.11.

Figure 5.30 and Figure 5.31 show image contour plots of the meridional and zonal

wind in the78-2212198 data set, over the range from 3 - 8 km. The wind values in

these frgure are calculated from the pair of beams in the given plane, at the minimum

resolution possible for the 18-2212198 data set, of 12 minutes.

As noted earlier, Vincent €i Reid [1983] developed the most commonly used method

of determining the momentum flux from the data in two symmetric off-zenith beams,

under the assumption that the atmosphere is statistically homogeneous in the two

off-zenith radial beams, and that the horizontal velocities are independant of the hor-

izontal position. If Vil andV!2 are the mean square radial velocities in the north and
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Figure 5.28: Histograms of the average AOAs measured with DBS beams at 3.6o off-
zenith to the north and south, for the 18-2213198 data set. The individual average
values are the average of the AOAs at a given time, over all of the antenna group
combinations except the Rx 3 vs Rx 6 combination, which uses data from the furthest
two antenna groups. The histograms were formed with data from the height range
from 3 - 8 lcm, and are shown overplotted with a Gaussian function fitted to the
histogram, and the corresponding half-power, half-width value.
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Figure 5.29: Histograms of the average AOAs measured with DBS beams at 10.8'
off-zenith to the north and south, for the 18-2213198 data set. The individual average
values are the average of the AOAs at a given time, over all of the antenna group
combinations except the Rx 3 vs Rx 6 combination, which uses data from the furthest
two antenna groups. The histograms were formed with data from the height range
from 3 - 8 lcm, and are shown overplotted with a Gaussian function fitted to the
histogram, and the corresponding half-power, half-width value.
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Figure 5.30: Image contour plot of the zonal wind velocity over the height range from
3 - 8 km for the L8-2212198 data set. Wind velocities were calculated from the 10.8'
off-zenith DBS beams directed to the east and west and are shown at the minimum
resolution possible for the 18-2212198 data set, of 12 minutes.

south beams respectively, and d is the off-zenith angle, then the meridional momentum

flux can be determined, using the following equation
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õ

(5.4)

where utwt is the meridional momentumflux, comprising the perturbation velocities

in the meridional (u) and vertical (T.u) directions. By calcuÌating the mean square

radial velocities in the east and west beams, the zonal momentum flitxrutwtcan also

be determined. Measurements of the momentum flux using this method, and other

methods which utilise various combinations of vertical and off-vertical perturbation

velocities have been made in the ST region by, for example, Fukao et al.11988], McAfee

et al. 11989), Fritts et al. 11990), Pritchard €j Thomas [1993] , Murayama et al. 11994],

Worthington ü Thomøs [1996] and Chang et al. ll997l.

Since the momentum flux that is measured is commonly ascribed to the activity

of gravity waves, the usual method of calculating momentum flux is to separate the
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Figure 5.31: Image contour plot of the meridional wind velocity over the height range

from 3 - 8 km for the 18-2212198 data set. Wind velocities were calculated from the
10.8" off-zenith DBS beams directed to the north and south and are shown at the
minimum resolution possible for the 18-2212198 data set, of 12 minutes.

fluctuating velocities, Vt,, into bands corresponding to the time scales of gravity ac-

tivity. The high-frequency gravity wave momentum flux is most commonly calculated

for data that is filtered to retain periods less than six hours. Since the high frequency

measurements are the most susceptible to small differences in the radial velocities, the

momentum fluxes calculated here are for periods less than six hours.

The differences in the pointing direction of the radial beams will act to induce a

spurious momentum flux. In order to estimate this induced value, the background

radial velocity at a given height for the 18-2212198 data set was smoothed. The per-

turbations in radial velocity induced by the varying AOA were then superimposed

onto this estimated background wind. The top plot in Figure 5.32 shows the mea-

sured radial velocity in the north 10.8" off-zenith beam, at a range of 5 km, at the

minimum resolution possible for the 18-2212198 data set of 12 minutes. The middle

plot in Figure 5.32 shows the smoothed north 10.8' off-zenith beam radial velocities

which were used as an estimate of the background wind. Finally, the bottom plot in

Figure 5.32 shows the simulated radial velocity due to the variation of the AOA in
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the 10.8' off-zenith north beam. This simulated north beam radial velocity time series

was calculated from the time series of the background wind in the north beam and the

time series of the AOA in the north beam. To ensure that the momentum fl.ux values

calculated from the simuÌated radial velocities were due to the AOA variations alone,

the same background wind was used for the north and south beam simulated veloci-

ties. The simulated radial velocities in the south 10.8" off-zenith beam were therefore

calculated from the north beam background wind and the time series of the AOA in

the 10.8' off-zenith beam. It can be seen from Figure 5.32 that the variance of the

simulated radial velocity is very small compared to the measured radial velocity.

The perturbation velocities, V', were calculated for both the simulated and mea-

sured radial velocities over the range 3 - 8 km for the 78-2212/98 data set. The

lerrn V'2 was then calculated for a variety of periods. In most of the literature on

momentum flux values in the ST region the time average, denoted by the overbar,

is made over a few days. The assumption upon which the momentum flux method

is basecl is that the atmosphere is siatistically homogeneous in the two radar beams.

The different AOAs in the various beams mean that at a given instant the atmosphere

is not homogeneous in the two beams. However) over a sufficient averaging time the

atmosphere is expected to be approximately homogeneous. As such, in this study,

the time average was calculated over three different periods in order to determine the

effects of the AOA variations as a function of this time average. The simulated and

measured momentum fluxes were calculated over six hour periods, one day periods

and the average over the full five day data set.

Figure 5.33 shows the simulated and measured momentum flux values over the

height range from 3 - 8 lcm, for the one day and full five day averaging periods. Note

that in this figure the r-axes are five times wider for the measured results than for the

simulated results. The magnitudes of the measured momentum fluxes are within the

range of values seen by other authors. Fukao et al. 179881 measured momentum fluxes

averaged over four days, and obtained values in the range IL m2s-2, McAfee et al.

[1989] took measurements averaged over eight days and obtained values in the range

from -0.6 - 0.0 m2s-2, and Fritts et al. 179901 obtained values from -0.5 - 0.2 m2s-2,

averaged over six days of data. It can be seen from Figure 5.33 that the simulated
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Figure 5.33: Simulated and measured meridional momentum flux for the individual
days, and for the entire period of the 18-2212198 data set. Note that the r-axes of the
plots in this figure are 5 times wider for the measured results than for the simulated
results.

momentum flux is generally much smaller than the measured flux, as expected from

the relative variation in the radial velocity time series used to calculate the fluxes, as

shown in Figure 5.32.

In order to quantify the magnitude of the simulated momentum flux relative to

the measured momentum flux, the ratio of simulated momentum flux to measured

momentum flux was calculated for each of the aver-aging periods, at each height in

the range from 3 - 8 km. This meant that for the six hour aver-aging period, there

were 20 ratios calculated; four for each of the five days of the data set, for each range

gate. For the 24 hour averaging period, there were five ratios, one foï each of the five

days of the data set, for each height. And for the total five day data set, one ratio at

each height. ln this manner, the magnitude of the induced spurious momentum flux

as a fraction of the measured momentum flux could be calculated and expressed as a

percentage. The median value of the ratio at each height was then calculated for the

six and 24 ho:;Lr averaging periods.

Table 5.3 shows the median of the ratios of simulated spurious flux to measured
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Range
(k*)

Median To for
6 hour periods

Median To for
24 hour periods

% for full
5 day period
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3.0

3.5
4.0
4.5

5.0
b.b

6.0
b.5

7.0

7.5

8.0

19.6

12.2

13.8

10.3

4.4
3.9

7.0
4.7
9.3
13.6

12.8

18.2

II,2
rJ, f

4.3
2.0

5.4
4.2

4.2
9.6
2.2

9.4

3.9

0.9
0.8

0.7
1.3

1,4
1.8

3.2

0.3
3.0

3.5

Table 5.3: Simulated meridional momentum flux as a percentage of measured merid-
ional momentumflux, shown over the height range from 3 - 8 km for the 18-2212198

data set. For the 6 and 24 hour averaged fluxes, the results are shown as the median
value over time for a given height.

flux over the number of periods of a given averaging scheme. So, for example, in the

case of the six hour averaging period, the median at each height was calculated over

the 20 ratio values at each height over the five day data set. The median was used in

preference to the mean due to the highly variable nature of the ratios as a function of

time. Table 5.3 shows that for the six hour and 24hour averaging periods, the spurious

momentum flux induced by the changing AOA in the pair of symmetrical off-zenith

beams can amount to nearly 20% of the measured value at a given range. The results

for the full 5 day data set, however, show that the ratio of the induced momentum flux

to the measured momentum flux is very small, being in the range from 0.3 - 3S%. IL

is likely, therefore, that the radial velocities in the two symmetric beams, over the five

day period approach the required statistical homogeneity, as this range of values is

small enough not be a significant problem for the flux measurements. Murphy [1990]

has modelled the effect of varying pointing angles on momentum flux measurements.

The results of Murphy [1990] showed that the percentageerror in the momentumflux

was of the order of 3% at short periods. This figure is in good agreement with the

value found for the percentage of the momentum flux induced by the varying AOA, for

the full five day averaged data set discussed in this section. The results of the analysis
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in this section suggest that averaging periods in excess of 24 hours should be used to

calculate the momentum flux in the ST region, in order to minimise the effects of the

varying AOA on momentum flux measurements.

5.8 Summary

In this chapter, results from two dual DBS/AOA experiments with the BP VHF ST

radar are presented. The two experiments were run with different antenna config-

urations in order to fully utiiise the flexibility of the system. In both experiments

the atmosphere was seen to be aspect sensitive. The AOA values determined with a

vertical beam were examined and found to be significantly larger than the minimum

observable AOA due to instrumental effects in the system, as discussed in Chapter

2. The AOAs were also found to be comparable between the two different antenna

configurations that were employed.

The DBS and AOA data was used to compare SNR differences as seen in sym-

metrical off-zenith beams, with AOAs as seen on a vertical beam. Independantly,

measurements of SNR differences in symmetrical off-zenith beams and non-zero verti-

cal beam AOAs have been attributed by various authors to the effects of tilted specular

layers. The comparison of the SNR differences and AOAs presented in this chapter

suggests that this is the case for 3.6o off-zenith beams, and that the SNR differences

measured on 3.6o off-zenith beams, and the AOAs measured on vertical beams were

both responding to the changing tilt of the specular layers. In contrast, the 10.8o

off-zenith beam did not appear to be as affected by the tilted layers, evident in AOA

measurements on the ver-tical beam, although thele were times and ranges where there

did appear to be a relationship between the two. The observed relationship for the

3.6' and 10.8" off-zenith SNR differences and vertical beam AOAs was the same for

both of the data sets studied in this chapter.

Finally, AOAs in 3.6o and 10.8o off-zenith beams were examined. The distribution

of the AOAs at the two different angles was seen to be quite different, in general

agreement with the results from the off-zenith SNR and vertical AOA comparison.

Momentum flux measurements are expected to be sensitive to any AOA differences in
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pairs of symmetric off-zenith beams, and as such, their effect was quantified. It was

found that the spurious momentum flux induced by changes in AOA at a given height,

averaged over a 24 hot;r period can be up to 20% ol the measured value at the same

height, over the same time period. Averaging over the full five days of the data set

reduced this value to 3%.
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Chapter 6

Multiple-bearn Doppler

nreasurements

6.1- Introduction

In this chapter a study of the backscattered power as a function of off-zenith angle in

two, five-day, multiple beam DBS data sets is presented. A simple parameterisation of

the variation of power as a function of off-zenith angle is used to gain an understanding

of the variation in the decrease of power with increasingly Iarge off-zenith angle, and

of the angles at which isotropic scatter occnrs. In addition,0",, the If ehalf-width of

the polar diagram of backscatter, is calculated directly from the off-zenith distribution

of power and compared with the common DBS method of calculating d", first used

by Hoclci,ng et al, [1986]. This chapter begins with a discussion of the nature of the

fall-off in backscattered power that has been observed by other researchers, before the

results of the multiple off-zenith beam DBS experiments using the BP VHF ST radar

are discussed.

6.2 Multiple-beam Doppler measurernents

Attempts to parameterise and understand the angular distribution of backscattered

power have generally focussed on the behaviour at small off-zenith angles, which are

expected to be heavily influenced by aspect sensitivity. These attempts have resulted

175
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in the d" parameterisation of Hoclcing et al. 11986], and as discussed in Chapter 4,

there is now a reasonable data base of d" values by various authors, spanning various

weather conditions, height ranges and experimental setups. However, knowledge of

the behaviour of the backscattered power at iarger off-zenith angles, and identification

of the isotropic scattering level is limited to a handful of studies.

The first high angular resolution measurements of backscattered radar power in

the ST region as a function of off-zenith beam angle were made by Röttger et al.

[1981]. The results from this experiment clearly showed the effects of aspect sensitivity,

thereby confirming earlier observations made by Gage ü Green [1978] and Röttger €!

Liu 11978]'with wide antenna beams, and a limited number of off-zenith angles. This

first experiment of Röfiger et al. [1981] utilised beams at eight angles in a single

azimuth from 0.0o to 11.9o, at intervals of 1.7o. Measurements were made over two

short periods, roughly 3 hours each, on two separate days. Later measurements over

one hour and twenty minutes, with the same angles and angular interval as the work

of Röttger et al.ll98ll were made by Waterman et al. [1985]. The data of Tsuda et al.

[1986] consisting of measurements at eight angles in a single azimuth between 0o and

10" in 2o steps, were collected in two short experiments, on two separate days, lasting

4.5 and 8 hours each.

Until recently, these three short experiments formed the basis of the knowledge

about the backscattered power as a function off-zenith angle at high angular resolution.

The fall-off in power observed in the thlee experiments showed a sharp decrease in

power between 0o and about 4o and 6", with a more shallow decrease to the extent

of the measurements, which for these three studies was always less than 12o. The

levelling off of the power as a function of off-zenith angle at angles of roughly 8o to

10o seen in these three experiments has been interpreted as being due to isotropic

backscatter at these angles.

However, recent studies using more data and a larger range of off-zenith angles

have revealed that the assumption that angles at roughly 10" are at the isotropic

scattering level may be incorrect. The work of Hocking et al. lIgg0] used off-zenith

angles between 0o and 20" in 4o steps, with the addition of a 28o off-zenith beam. The

data were collected over a period of 12 hours. The work of Tsuda et al. lI997a] utilised
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15 angles in a single azimuth in the range from 0o to 28' in 2o steps, over 25 hours. An

example of the angular distribution of backscattered power from the work of Tsuda

et al.17997a] is shown in Figure 1.2 of Chapter 1. Finally, the work of Jai,n et al.119971

employed 11 angles in a given azimuth in the range from 0o to 20o in 2o steps, over

four-hour data sets collected on four separate days. The results of all of these studies

show that the backscattered power generally continues to decrease at off-zenith angles

larger than 10', and the work of Tsuda et al. ll997a] in particular has shown that

truly isotropic scatter occurs only at angles larger than approximately 18" off-zenith,

as shown in Figure 1.2 of this thesis. That is, that the isotropic scattering level, the

constant power level where the backscatter is independant of off-zenith angle, beginb

at approximately 18' off-zenith.

Another point of interest in the studies discussed here is that only the work of

Jain et al. 119971contains data from all four cardinal pointing directions. The main

aim of the experiment discussed in this chapter was therefore to use the BP ST radar

to measure the off-zenith backscatter over a large range of angles, in all four cardinal

directions, over a number of days in order to parameterise and quantify the variation

in the decrease of power as a function of off-zenith angle, and identify the isotropic

scattering level. Another aim of the experiment was to perform a direct compa-,-ison

of the measured 1/e width of the angular distribution of backscatter, and d" values

using the Hoclcing et al. [1986] DBS method. This work in this chapter therefore uses

the angular distribution of backscattered power to examine two important physical

parameters; the width of the polar diagram of backscatter at small off-zenith angles,

and the isotropic scattering level at large off-zenith angles.

6.3 Experiment description

The data in this chapter were collected in two periods, from 24-28112197 and 21,-

2611198, at 0.0o on both the North-South and East-West arrays, and at off-zenith

angles of 3.6o, 7.2o,, 10.8o , 14.5o, 18.2' and 22.0" lo the north, south, east and west.

The data were collected using the normal DBS mode utilising the whole North-South

or East-West CoCo arrays combined, and a single receiver. Table 6.1 shows the data
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Collection parameter Parameter Value

PRF (11e)
No. coherent integrations
Time for one data set (seconds)
No. of data points
Velocity resolution (-"-t )
Max. unaliased velocity (rns-l)
Height range (km)
Range gate (km)
Pulse length (krn)

4096
256

28.r3
450

0.10
22.2

2.0 - 15.0

0.5

1.0

Table 6.1: Data collection parameters for the multi beam data sets, horn24-28112197
and 2I-2617198.

collection parameters, whiie Figure 6.1 shows the beam positions and beam sequence

of the two identical data sets. Note from Table 6.1 that an individual data set took

approximately 28.13 seconds to collect. The data collection regime was to actually

collect 56.25 seconds of data in a given direction, and then split the time series into

two 28.725 second time series which were Fourier transformed into two spectra, which

were then averaged together. The averaging of successive spectra results in greater

definition of the atmospheric peaks in the spectra, as mentioned in Chapter 3. This

process makes the process of fitting Gaussian functions less likely to fail for low SNR

data. As for the DBS data in the rest of this thesis, the data discussed in this chapter

were quality controlled using the algorithms discussed in Chapter 3, over the height

rangefrom3 -8km.

From Figure 6.1 it can be seen that there are three times as many vertical beam data

sets as off-zenith data sets. This sequence was adopted for two reasons. Firstly, because

it resulted in the entire beam sequence lasting 30 minutes instead o126, which made

data averaging into an integral number of hours easier to manage. Secondly, collecting

a greater number of vertical beam data sets resulted in more reliable estimates of

the vertical beam power, which was important for the analysis in this chapter, as the

vertical beam dominates the angular distribution in given azimuth, and as such, any

parameterisation of the angular distribution of power is very sensitive to the value of

the power at 0o.
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Figure 6.1: Beam sequence and direction for the two multi-beam DBS experiments
run over the periods 24-28172f 97 and 2I-2611198.

6.4 Off-zenith SNR distribution and parameteri-

sation

Because of the relatively large time between two data sets in the same direction, all

of the analyses in this chapter were performed on 72 hour averaged data, where the

averages were calculated from 00 UT to 12 UT, and 12 UT to 00 UT on a given day. At

the 30 minute resolution of the data sets, this resulted in a given point in an averaged

angular distribution of power being averaged over 24 data sets in the relevant direction.

The 24-28112197 data set was exactly five days long, resulting in 10 average angular

power profiles, while |he 21-2611/98 data set was five and a half days long, resulting

in 11 average angular power profiles. In addition, the SNR at a given off-zenith angle

rvas converted from range to height, using a simple straight line interpolation, and

corrected for the effects of the reduction in antenna area for large off-zenith angles,

by multiplying the linear SNR at a given off-zenith angle 0 by 7f cos20 (Tsuda et al.

[1ee7a].
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Figure 6.2 and Figure 6.3 show surface plots of the 12 hour averaged SNR (in

dB) as a function of off-zenith angle for the 24-28112197 and 2I-2611198 data sets

respectively, at a height of 5 km. The top plot in each of Figure 6.2 and Figure 6.3

shows the zonal SNR, and the bottom plot in each figure shows the meridional SNR.

The time axes in these plots shows labels corresponding to the middle of each 12 hour

average. It can be seen from these two plots that there is considerable variation in

the angular distribution of power as a function of time and off-zenith angle. Another

striking feature of these two figures is the symmetry about 0.0" in both the zonal

and meridional direction, and the almost equivalent variation as a function of off-

zenith angle in the zonal and meridional directions. This behaviour implies that the

scattering structures giving rise to the enhanced backscattered power in the vertical

direction and at small off-zenith angles is coherent and the essentially the same in all

azimuths.

In order to quantify the observations shown in Figure 6.2 and Figure 6.3 it is useful

to identify a parameter that provides some information on the relationship between

the power at a given number of off-zenith angles. One important parameter is the

slope of the SNR between various off-zenith angles, in dBf degree. As noted in the

introduction to this chapter, other authors have noted that the decrease of power as a

function of off-zenith angle depends on the off-zenith angle at which measurements are

made, with larger decreases for smalloff-zenith angles, and relatively smaller decreases

for large off-zenith angles. As such, a piece-wise linear parameterisation is introduced

here, where linear fits to the power angular distribution of SNR are made over four

angle ranges, from 0.0o to 7 .2o , 7 .2' to 14.5" ., 10.8' to I8.2" , and 14.5' to 22.0' .

Figure 6.4 shows the angular distribution of SNR at a height of 5 km for six of

the ten 12 hour average profiles in the 24-28112197 daT,a set, for both the zonal and

meridional direction. Each plot in Figure 6.4 is shown over the same range of SNR.

The error bars in this plot show the standard deviation of the SNR at a given angle

for the 12 hour average, and as such represent the variability of the power over the

averaging time. Also shown in Figure 6.4 are the piece-wise linear fits to the data

between the angles from 0.0o to 7.2o , 7.2" l,o L4.5o , and 14.5o to 22.0o . The linear fits

from 10.8" to 18.2' are omitted for clarity. It can be seen from Figure 6.4 that the
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linear fits are a very good parameterisation of the off-zenith behaviour. The thick lines

which show the linear fits almost always lie exactly on top of the thin line joining the

data points at various angles. It can also be seen that a simple linear fit to the entire

range of angles from 0.0o to 22.0' off-zenith at a given azimuth would not be as good.

It is the piece-wise nature of the fitting that makes the parameterisation successful. It

should be noted that Hocki,ng et ø/. [1990] observed that the fall-off in power in their

data between 0o and 8o was often closer to exponential in linear units, or linear in

dB, ra|,her than Gaussian in linear units, or parabolic in dB which is assumed by the

d" parameterisation used in that work. The fact that the linear parameterisation (in

dB) is successful between 0.0o and 7.2o , as seen in Figure 6.4 shows that off-zenith

behaviour seen here is similar to that seen by Hocki,ng et al. ll990l.

Figure 6.5 shows the zonal and meridional angular distribution of SNR at the

same height as Figure 6.4, but for six of the eleven 12 hour average profiles in the

2I-2611198 data set. As for Figure 6.4 the data in Figure 6.5 are shown with error

bars representing the standard deviations of the 12 hour average values, and all of the

piece-wise linear fits, except for the fit from 10.8' to 18.2". Figure 6.6 shows the same

parameters at a height of 3 krn for the 24-28112197 data set, while Figure 6.7 shows

the same parameters at a height of 7 km for the 2I-2611195 data set. Note that the

range of SNR in these latter two plots is different from the range in the former, due to

the differences in SNR at the different heights. However, the range of SNR in all four

figures showing the angular distribution of SNR is 40 dB so that they can all be easily

intercompared. It can be seen from this large number of profiles, that as a function of

time, height, and data set, the piece-wise linear parameterisation of power over three

adjacent points is a good estimate of the behaviour of the SNR over all relevant angles.

It can also be seen that in most of the plots in these figures, the SNR at 0.0o and 3.6"

is significantly enhanced relative to the power at all other off-zenith angles, and that

the behaviour as a function of off-zenith angle is very similar to that seen by Tsuda

et al. 11,997a], as shown in Figure 1.2.

Given this fact, the behaviour of the various slopes can be investigated. I'igure 6.8

shows the slopes from 0.0o to 7.2" for each of the ten 12 hour averages of the 24-

28112197 data set, for each azimuth, for selected heights in the range from 3 - 8 km.
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Figure 6.4: 1,2 hour averaged SNR as a function of off-zenith angle at a height of 5

krn, shown for six of the 10 time averages of the 24-28112197 data set. The top six
plots show the SNR for all meridional off-zenith angles, and the bottom six plots show
the SNR for all zonal off-zenith angles, for the same times. Over-plotted on these
off-zenith distributions are error bars showing the standard deviations of the averaged
SNR, and the piece-wise linear fits over the angles from 0.0o to 7.2",7.2o to 14.5o, and
14.5o to 22.0".
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Figure 6.5: 12 hour averaged SNR as a function of off-zenith angle at a height of 5
krn, shown for six of the 11 time averages of the 21-2611198 data set. The top six
plots show the SNR for all meridional off-zenith angles, and the bottom six plots show
the SNR for all zonal off-zenith angles, for the same times. Over-plotted on these
off-zenith distributions are error bars showing the standard deviations of the averaged

SNR, and the piece-wise linear flts over the angles from 0.0o T,o 7.2",7.2' T,o 14.5o, and
14.5" to 22.0".
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Figure 6.6: 12 hour averaged SNR as a function of off-zenith angle at a height of 3

krn, shown for six of the 10 time averages of the 24-28112197 data set. The top six
plots show the SNR for all meridional off-zenith angles, and the bottom six piots show
the SNR for all zonal off-zenith angles, for the same times. Over-plotted on these
off-zenith distributions are error bars showing the standard deviations of the averaged
SNR, and the piece-wise linear fits over the angles from 0.0o to 7.2",7.2" to 14.5o, and
14.5o to 22.0".
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Figure 6.7: 12 hour averaged SNR as a function of off-zenith angle at a heighi of 7

krn, shown for six of the 11 time averages of the 2l-2611198 data set. The top six
plots show the SNR for all meridional off-zenith angles, and the bottom six plots show

the SNR for all zonal off-zenith angles, for the same times. Over-plotted on these

off-zenith distributions are error bars showing the standard deviations of the averaged

SNR, and the piece-wise linear fits over the angles from 0.0o lo 7.2o,7.2 1o 14.5o, and
14.5o to 22.0'.
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Off-zenith angle range mean stan. dev ran8e

0.0 - 7.2
7.2 - r4.5
10.8 - 18.2

r4.5 - 22.0

-1.2

-0.5

-0.3
-0.2

0.4
0.2

0.1

0.1

-0.7 -+ -2.2
-0.02 -+ -1.1

0.04 ---+ -0.8
0.04 --+ -0.7

Table 6.2: Linear flt slope characteristics for the 24-28112197 data set. Ali analysis
was done for the zonal and meridional azimuths combined, over the height range 3 - 8
km. All parameters are in units of degrees/

Note that the slopes for all azimuths in this figure and in the three figures that follow

are expressed as negative values, thereby showing the slope power decreasing from

small off-zenith angles to larger off-zenith angles, rather than increasing from larger

off-zenith angles to smaÌl off-zenith angles.

The error bars in Figure 6.8 are the uncertainties in the estimate of the slope,

returned by ihe fiiting procedure. They are one standard deviation (or 1ø) errors in

the fit. Figure 6.9 shows the slopes frorn 7,2" to 14,5o, Figure 6.10 shows the slopes

from 10.8" to 18.2" and I'igure 6.11 shows the slopes from 14.5' to 22.0', all from

fhe 24-28112197 data set, for the same heights as for Figure 6.8. The behaviour as a

function of time, particularly for the slopes from 0.0o lo 7.2o can be seen to reflect the

behaviour of the SNR shown in Figure 6.2, as expected. Table 6.2 shows the mean,

standard deviations, maximum and minimum slopes over the height range from 3 - 8

lcm, over aII 12 hour averages of the 24-28112197 data set. The corresponding plots

and figures for the 21-261I198 data set are not shown, although the numbers are very

similarfor the two data sets. Note that the y-axes in Figure 6.8 to Figure 6.11 are not

necessarily the same, as they were chosen in order to best display the various ranges

of the data.

A striking difference between the slopes as a function of time from 0.0" to 7.2o

and the slopes at the other three ranges of angles, is that there is a high degree of

similarity between the 0.0" to 7.2" slopes at the various azimuths compared to the

similarity observed between the slopes at various azimuths for the other ranges of

angles. It can be seen that this should be the case given the symmetry about the

vertical direction of most of the angular power plots in Figure 6.4 to Figure 6.7. This
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Figure 6.10: Time series of the slopes fitted to the 12 hour averaged SNR as a function
of off-zenith angle between the off-zenith angles of 10.8" and 18.2o for all azimuths, for
the 24-28112192 data set. The solid line shows the eastern azimuth data, dotted line
shows the western azimuth data, dashed line shows the northern azimuth data, and
dash-dot line shows the southern azimuth data.
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Figure 6.11: Timeseries of the slopes fitted to the 12 hour averaged SNR as afunction
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dash-dot line shows the southern azimuth data.
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fact suggests that the aspect sensitivity is largely independant of azimuth angle, at

least over the 12 hour time averages used in this data analysis, and that the aspect

sensitive scatterers at small off-zenith angles are coherent in all azimuths at a given

off-zenith angle. Given that the degree of aspect sensitivity has been seen to be due to

the prevailing weather conditions in studies of d", such as those by Yoe et al.11994] and

Hooper €j Thomas [1995], the day-to-day variability in the slopes shown in Figure 6.8

and the SNR surfaces in Figure 6.2 is pr-obably due to the weather conditions during the

data sets. However, rather than pursuing this line of enquiry, the different behaviour

as a function of off-zenith angle will be studied further. As such, the large day-to-day

variability in the slopes will serve to generalise the results which follow, as the results

are not specific to any particular value of the slopes, and by inference, any particular

prevailing weather conditions.

If the aspect sensitivity at small off-zenith angles is caused by specular layers, as

the work in Chapter 5 suggests, then it makes sense that the scatter is symmetric about

the zenith for small off-zenith beam directions. This is because, on small time scales,

the scatter at a range of azimuths at a given small off-zenith angle is from the same

scattering structures. Over a time average, the small differences between the same

layers seen in symmetric off-zenith beams should average out, leaving essentialÌy the

same scattering power in all azimuths at a given aspect sensitive off-zenith angle. In

the previous chapter it was seen that differences in SNR between symmetric off-zenith

beams, at the small, aspect sensitive, off-zenith angle of 3.6" are related to changes in

the angle of arrival, and are therefore suggestive of tilted layers affecting the off-zenith

beams. In addition, Tsuda et al. lI997b] has shown that differences in the SNR at a

fixed off-zenith angle in the aspect sensitive range (6"), for a range of azimuths, seem to

be related to the effects of gravity waves perturbing layers in refractive index. However,

an¡r differences in power as a function of azimuth between a given pair of symmetric

off-zenith beams are expected to be insignificant for the 12 hour averages used in this

analysis. As such, it is expected that the angular distribution of po\/er should be

symmetric about the vertical in a given plane, for aspect sensitive angles. If this is

the case, then scatter at larger, less aspect-sensitive angles should be increasingly less

similar over the range of azimuths, as random isotropic scatter begins to dominate.
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In the case of true isotropic scatter, there should be no correspondence between the

scatter in the various azimuths at a fixed off-zenith angle as the scattering power in

each beam is expected to be determined by the random filling of the beam volume

by isotropic turbulence, and is independant of the off-zenith beam angle. Essentially

the scatter in large off-zenith beams at various azimuths is from different, isotropic

scattering structures, while the scatter at small, aspect sensitive off-zenith angles is

from the same coherent structures.

When comparing Figure 6.8 with Figure 6.9, Figure 6.10, and Figure 6.11 it can be

seen that at successively larger off-zenith angle ranges, there is less similarity between

the scatter in the various azimuths. In order to quantifv this fact, Figure 6.12 shows

scatter plots of the zonal and meridional slopes from 0.0' to 7.2o, and from 7.2o to

74.5", while tr'igure 6.13 shows scatter plots of the zonal and meridional slopes from

10.8" to 18.2o, and from 14.5' to 22.0o, all for the height range from 3 - 8 km for the

24-28112197 data set. The results for the 2I-2611198 data set, not shown, look very

similar. An error bar is shown in each of the scatter plots which corresponds to the

average error in the fit over all of the slopes in the plot. The size of the error bar

relative to the extent of the scatter shows that the variation in the scatter in each

plot is significant. Note that T,he r and y axes in Figure 6.12 and Figure 6.13 are not

necessarily the same, as they were chosen to best suit the various ranges of the data.

It can be seen from Figurc 6.12 that, as expected, the correlation between the

slopes of the scatter in pairs of azimuths in a given plane is very good in the off-zenith

angle range from 0.0o to 7.2o. It can also be seen that there is a definite correlation

between the slopes of the scatter in pairs of azimuths in a given plane in the off-zenith

angle range ïrorr_ 7.2o to 14.5o, which suggests that aspect sensitive structures are

influencing the scatter in this angle range. The top two plots in Figure 6.13 show that

there is still a degree of correlation between the slopes of the scatter in the range of

relatively large off-zenith angles from 10.8" to 78.2'. Despite the increased width of

the scatter in these two plots relative to the plots in Figure 6.12 for the angle range

from 0.0o to 7.2o, there is a definite slope of the 10.8" to I8.2' off-zenith scatter in the

U : r direction, indicating a degree of correlation between the behaviour in the pairs

of azimuths in a given plane. The bottom two plots in Figure 6.13 show that there
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is essentially no correlation between the slopes of the scatter in the various azimuths

in the off-zenith angle range from 14.5" lo 22.0o. This suggests that at this range

of angles, the scatter is from isotropic structures alone and there is no scatter from

coherent, aspect sensitive structures, as appea s to be the case in the other angle

ranges. The fact that the range of slopes and the average errors in the slopes for the

two angle ranges of 10.8" to 18.2" and 14.5" to 22.0' is the same, yet the behaviour of

the two angle ranges is different, provides confidence in interpreting the difference in

behaviour as being due to different scattering processes and not due to a lack of real

variation, or a large error. Therefore, Figure 6.12 suggests that the isotropic scattering

level, the constant power level where the scatter is independant of off-zenith angle, lies

in the range of angles from 14.5o lo 22.0".

In addition to the fact that scatter from off-zenith angles at the isotropic scattering

level should be uncorrelated, the slope of the scatter at these angles should not be

significantly different from zero. From Table 6.2 it can be seen that the average slope

of the backscatter in the angle range from 14.5o Lo 22.0' is more than one standard

deviation away from 0.0o. A possible explanation for the average non-zero slope in

the backscatter between 14.5o and 22.0" is the coherent integration weighting function

discussed by Rastog? [1983] . Rastog'i [1983] has shown that the frequency weighting

function introduced by coherently averaging data is a maximum at zero Doppler shift in

the power spectrum, and a minimum at the largest frequencies in the power spectrum.

This means that the actual power received at a relatively large off-zenith angle is

reduced with respect to the power at smaller off-zenith angles, irrespective of aspect

sensitivity, because of the fact that the scatter corresponds to a larger Doppler shift in

the power spectrum. This factor could account for the small slope observed between

14.5o and 22.0", which coupled with the fact that the scatter plots of the slopes in this

range were observed to be isotropic, would suggest that the scattering at off-zenith

angles larger than 14.5o is isotropic, despite the fact that the slope is non-zero.

As one final check of the slopes in the largest off-zenith angles range, the average

slope of the scatter between the two adjacent off-zenith angles 18.2o and 22.0o was

calculated for the 12 hour averaged data, over the height range from 3 - 8 km of

both the 24-29112197 and 21-2611198 data sets. The results of this reduced angle
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fit produced average slopes over the height range from 3 - 8 km, for both zonal and

meridional data, for both data sets of 0.2 +0.2 dBldegree, which is not significantly

different from zero. This fact is in good agreement with the work of Tsuda et al.

[1997a] who estimated the isotropic scattering level minimum at approximately 18".

With respect to the next lowest off-zenith angle range of 10.8" to 18.2o, the results

in Chapter 5 showed that there rvere some significant correlations between off-zenith

SNRs in symmetric beams and the angle of arrival in a vertical beam, in beams that

were directed at 10.8o off-zenith. This fact suggests that there are some times and

heights where aspect sensitive scatter is present in 10.8" off-zenith beams, which agrees

with the fact that there appears to be some correlation between the scatter slopes in

the off-zenith angle range between 10.8o and 18.2" in Figure 6.13.

6.5 Angular power distribution half-width esti-

mat ton

Despite the fact that the Hocking et al. 179861 d" parameterisation is in common use,

there has been no direct comparison of this parameter with the exact parameter that

it represents; the 1/e half-width of the polar diagram of the backscatter. As discussed

and shown in Chapter 4, the choice of off-zenith angles has a large effect on the absolute

value of 0". This is because the parameterisation assumes that the power at a given

off-zenith angle, d is of the form erp(-sin20 f sin20,), which in practice is only accurate

at small off-zenith angles.

It is interesting therefore to directly calculate the I f e half-width of the angular

distribution of scatter to determine 0" exactly. The above parameterisation is Gaus-

sian in linear units and parabolic in log units of dB, and the most common DBS d"

calculation mcthod uscs the power at a given off-zenith angle, P(0), relative to that

measured on a vertical beam

0 s : arcsinl(- sinz 0 ¡l lnr - sin2 0o¡T1, (6 1)

where d¿ is the apparent off-zenith beam direction, d6 is the beam width and r
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: P(0)lP(da). As such, in order to keep the power measurements the same in both

the direct estimation of the half width and the d" calculation method, they were both

calculated on exactly the same data. Twelve hour averaged angular linear power

profiles were compiled (note that the angular profiles such as Figure 6.4 were in log

units of dB) for both the 2+-2Sll2l97 and 2L-261I198 data sets. Figure 6.14 shows

the 12 hour averaged linear power profiles as a function of off-zenith angle for six

of the 10 time averages of the 24-28112197 data set, at a height of 5 km, for both

the zonal and meridional direction. Figure 6.15, shows the same parameters at the

sameheight,butforsixof the11 timeaveragesof the2l-2611198 dataset. TheIfe

half-width was calculated from these profiles by fltting a Gaussian function, which is

shown overplotted on each anguiar profile in Figure 6.14 and Figure 6.15, and d" was

calculated from the data selected off-zenith angles shown in these figures. It can be

seen from these figures that in most cases only the 3.6o off-zenith angle data contributes

to the width of the Gaussian fit.

Figure 6.16 shows the comparison of the If e half-widths as the thick solid line,

with DBS 0" values using off-zenith angles of 3.6" as the thin solid line, 7.2o as the

dotted line, and 10.8o as the dashed line, at various heights, over all average times

of the 24-2811,2197 data set. The half-widths in this fi.gure are the half-widths in the

zonal direction, and the á" values are the average of the d" values in the eastern and

western directions, at a given off-zenith angle. Figure 6.17 shows the comparison of the

1/e half-widths measured in the meridional direction with average d" in the northern

and southern directions, for the off-zenith beam angles of 3.6o, 7.2' and 10.8". These

plots are shown in the same format as Figure 4.10 and Figure 4.13 of Chapter 4 so

that the similarity of the behaviour as a function of time can be clearly seen as well

as the differences in the magnitudes due to the various off-zenith beams. The results

for the 2l-2611198 data set are were very similar, but are not shown.

It can be seen from Figure 6.16 and Figure 6.17 that the DBS d" method using

a 3.6o off-zenith beam, and a vertical beam, is the best estimate of the actual half-

width of the angular distribution of power. The point-to-point variation of the profiles

as a function of time between the 3.6o off-zenith beam d" values and the act:ual \f e

half-width agrees very well, and the magnitude of the two values are almost identical.
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Gaussian fit width vs zonal DBS at 3 km
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Gaussian fit width vs rneridional DBS at 3 km
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The DBS d" method using 7.2o and 10.8o off-zenith beams show larger magnitudes, as

expected, and although the variation from point-to-point with these methods usually

tracks the variation of the 3.6' and lf e half-width values, this is not always the case.

This result is essentially confirmation of the fact discussed in Chapter 4 ihat the

0" parameterisation assumed by ihe DBS d" calculation method is only a good rep-

resentation of the power at small off-zenith angles. Because of the fact that small

off-zenith angles influence the Gaussian fit more than comparatively larger off-zenith

angles, the 3.6" off-zenith beam DBS d" values are the best approximation. If other

small off-zenith angles were available, such as 2o, these would also probabÌy produce

d" values in good agreement with the value obtained with a direct Gaussian fit. It can

therefore be seen that in order to obtain the best values of d" it is necessary to use small

off-zenith angles, of approximately 2o - 4, where the assumed Gaussian drop-off of

power as a function of off-zenith angle (in linear units) is accurate, It should be noted

here that this result is also confirmation of the good agreement between the FCA d"

values and the 3.6o off-zenith and 0.0' DBS values. This is because the angular polar

diagram of the backscatter is the Fourier transform of the ground diffraction pattern

sampled by the spaced antennas used in the FCA. The spacing of the antennas used in

the FCA acts to spatially filter the ground diffraction pattern, making the measured

value of d" more sensitive to the scatter within a small range of off-zenith angles, in

the same way that the direct fit to the distribution as a function of off-zenith angle is

more sensitive to the power observed at 3.6' off-zenith.

6.6 Surnrnary

In this chapter an experiment comprising DBS data in the vertical direction and at a

number of off-zenith beam angles, in al1 four cardinal directions has been discussed.

The experiment was run over two five-day periods, and the analysis was performed on

data which had been averaged Tor 12 hours.

The off-zenith distribution of power was analysed by introducing a simple piece-

wise linear parameterisation so that the slope of the decrease in power as a function

of off-zenith angle could be quantified. By comparing the slopes at pairs of azimuths
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in a single plane, the contribution of aspect sensitive scatter to the scatter ln varrous

ranges of off-zenith angle was determined. The results of this analysis showed that

truly isotropic scatter, scatter where there was no contribution from coherent aspect

sensitive structures, occurred between the off-zenith angles of 14.5" and 22.0o. Cal-

culation of the average slopes in the reduced range from 18.2" T,o 22.0' resulted in a

slope not significantly different from zero, suggesting that the scattering at these two

angles lies at the isotropic scattering level, in agreement with the estimation of Tsuda

et al. lI997a]. Interestingly, for the data in this chapter, non-zero average slopes were

observed over the angle range from 14.5o to 22.0". However, when the results of the

coherent averaging simulations of Rastogi [1983] are taken into account, it is proba-

ble that the small slope between the these three off-zenith angles is not is not real.

This fact, coupled with the observed isotropic scatter in the angle range from 14.5o

to 22.0' shown in Figure 6.12, suggests that the isotropic scattering level begins at

approximately 14.5'.

Finally, the parameterisation that is commonly applied to the off-zenith distribu-

tion of data in order to calculate d" values using the DBS method is compared with

the actual lf ehalf-width of the angular distribution of backscatter. It is found that

the best estimate of the half-width is from the smallest off-zenith angle available with

the BP VHF ST radar of 3.6". This result suggests that small off-zenith angles less

then 4o should be used to calculate 0" if a true representation of the half-width of the

scatter is required.
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Chapter 7

Summary, conclusions and further

work

The work in this thesis has covered the testing and installation of new radar equipment,

the development of new data analysis algorithms, and the presentation of new experi-

mental results from the upgraded Buckland Park VHF ST (stratosphere-troposphere)

radar. As such, the thesis is essentially in two parts. Chapters 2 and 3 are concerned

with the veriflcation of the radar hardware, and data respectively. While Chapters 4,

5 and 6 are concerned with the results of new experiments conducted with the radar.

Each chapter has a summary which discusses the main results of the chapter, and as

such, this chapter is brief and serves to bring the main results of the thesis together and

make suggestions for further experiments that might be conducted with the system.

In Chapter 2 T,he various tests that were conducted on the new hardware to be

added to the system were discussed. The emphasis of these tests was to measure the

various phase errors in the new hardware and their effects on the pointing accuracy

of the radar beam, and to verify ihe DBS (Doppler beam swinging) capabilities of the

system. By measuring the phase at the centre feeds of each of the antenna rows of the

new North-South array it was found that the array has a slight tilt of approximately

0.24o to the west. Tests of the phases introduced by the beam-steering cards showed

that the small errors in the values on individual cards resulted in an off-zenith angle

error of 0.05o across the full antenna arrays. The magnitude of the variation in the
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phase between receivers connected to a single antenna, was measured to be 0.2' of

zenith. This value is the minimum AOA (angle of arrival) that is measureable with

the system; a limitation due to small phase variations throughout the system. Finally

the full DBS capabiiities of the system were verified by observing the passage of the

galactic centre through the full range of beam positions.

Chapter 3 discusses the data analysis algorithm that was developed for the new

DBS data from the upgraded system. The existing DBS analysis software for the

old BP ST radar was conducted in the time domain, using the so-called "pulse-pair"

technique, where it is difficult to account for various contaminants. To improve this

approach, programs were written to perform the analysis in the frequency domain

by fitting Gaussian functions to power spectra. In addition, various procedures were

developed to ensure the accurac)' of ihe DBS results that these programs proclucecl.

The algorithm that encompasses all the DBS analysis and verification programs aims

initially to reduce effects of contaminants in the data at the time series level, with

a filter window, and then at the porwer spectrum level, with interpolations over the

common ground clutter contaminated frequency range. Finally, the algorithm aims

to identify outliers in the atmospheric parameters that are caused by contaminants

in the power spectra being incorrectly analysed as atmospheric peaks. The identifi-

cation of outliers is based on two different types of contaminants; well-characterised

contaminants such as ground clutter, sea scatter and noise spikes, and more random

contaminants such as backscatter from aircraft and other unidentified sources. Once

an outlier is identified, the algorithm aims to return to the power spectrum that caused

a given outlier and locate the true atmospheric peak instead. This process was seen

to be very successful at retrieving atmospheric parameters from the true atmospheric

peak in heavily contaminated power spectra.

The aim of the experiments conducted with the upgraded multiple-beam, multiple-

receiver radar were to be able to firstly, combine both SA (spaced antenna) and DBS

experiments in order to obtain information about the relationship between the mea-

surements seen by various authors using only one of these techniques, and secondly to

conduct multiple beam experiments to study the variation of off-zenith backscattered

power that has been seen by various other authors, with the emphasis on the behaviour



209

at large off-zenith angles.

Chapter 4 discusses a comparison of DBS and SA FCA (full correlation analysis)

data. Because of the antenna arrangement necessary for this experiment, it was only

possible to obtain data in the meridional direction. Meridional velocities between DBS

beams at off-zenith angles of 3.6o ,7.2" and 10.8o were seen to be in excellent agreement,

with correlation coeffi.cients of between 0.95 and 0.98. This result is further verification

of the success of the analysis algorithms discussed in Chapter 3. Comparison of the

meridional velocities at the various off-zenith beam directions and FCA meridional

velocities showed excellent agreement, with correlation coefficients between 0.87 and

0.88, and no discernible bias in the magnitude of the velocities as seen in a scatter

plot. The DBS and FCA daia were used to compare d" as measured using the FCA

spatial correlation method and the DBS power method using vertical beams and each

of the off-zenith angles 3.6o,7.2" and 10.8o. It was found that in aspect sensitive

conditions, the DBS power method utilising 0.0o and 3.6o off-zenith beams produced d"

values in good agreement with the values produced by the FCA which utilises vertical

beams only. This result indicates that the 0.0o beam and 3.6o off-zenith beams were

responding to the same scatterers.

Chapter 5 discusses a comparison of DBS and SA AOA data in two separate ex-

periments, the first utilising four parallel antenna strips and the second utilising four

squares. The data from these two experiments was used to examine two separate is-

sues in VHF ST radar studies. The first set of analysis was performed to examine the

relationship between the AOA seen on a vertical beam, and power measurements in

off-zenith DBS beams, under the assumption that the two parameters were varying in

response to small changes in the tilt of specular layers. Significant correlations were

found between the variation of the power differences between DBS beams at 3.6o off-

zenith and the AOA measured on a vertical beam directed between the DBS beams in

time, in both the zonal and meridional directions, in data from both experiments. This

result suggests that the aspect sensitive scatter observed at 3.6o was due to specular

layers. In contrast to this result, fewer significant correlations were observed between

power differences in DBS beams at 10.8o off-zenith and AOA measurements made on

a vertical beam between the DBS beams in time. This result suggests that the layers
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did not affect the 10.8" off-zenith beams to the degree that they affectecl the 3.6" off-

zenith beams. The second set of analysis performed on the AOA/DBS data set was

aimed at estimating the effect of small variations in the AOA in off-zenith beams on

measurements of momentum flux at 10.8o off-zenith. It was found that the variation

of the beam direction resulted in a spurious momentum flux averaged over five days of

less than 4% of the measured value. In contrast, measurements over 24 hours showed

that the spurious flux could be up to approximately 20% of the measured value.

Chapter 6 discusses a study of DBS data at multiple off-zenith angles, in two five-

day data sets. The primary aim of this study was to characterise the decrease in power

as a function of off-zenith angle, and identify the angular range where purely isotropic

scattering occurs. This was achieved by appiying a piece-wise parameterisation to

the decrease in backscattcrcd powcr at incrcasingly largc off-zcnith anglcs, in 12 hour

averaged data. This parametrisation gave the slope of the power in dB ldegree over

various three angle ranges of off-zenith angle, from 0.0o - 7.2o,7.2o - 10.8o, 10.8" -

18.2' ancl I4.5' - 22.0". The variation in the slopes in various angle ranges was found

to be quite significant over the duration of the data sets, wiih the variation in the

0.0'- 7.2" range from -0.1 - -2.2 dBf degree, and the variation in the 14.5" from 0.4

- -0.7 dBf degree. The fact that aspect sensitive scattering appeared to be coherent

across all azimuths at a given off-zenith angle was utilised to identify the range where

purely isotropic scattering occurred. Scatter plots of the slopes seen on either side of

vertical in a given plane revealed that the scatter in the angle ranges from 0.0' - 7.2o,

7.2" - 14.5" and 10.8" - 18.2" showed some degree of correlation, indicating coherent

structures in the beams on either side of vertical. However, the scatter in the angle

range from 14.5" - 22.0" was seen to show no correlation. This fact, when coupled

with the fact that the slope in this angle range was not considered to be significantly

different from zero when the effects of the coherent averaging weighting function are

taken into account, suggests that the isotropic scattering level started at around 14.5o

off-zenith. Using the same data, a comparison of the DBS power method with direct

estimation of the half-width of the polar diagram of backscatter showed that the best

estimate of the true d" value was produced by the combination of DBS beams at 0.0o

and 3.6' off-zenith.
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Taken as a whole, the experiments discussed in this thesis have provided important

information on the nature of the scattering in the troposphere seen in both small

and large off-zenith angle DBS beams, and the link between this scattering and the

scattering observed in various SA arrangements. In addition, these experiments have

fully utilised the capabilities of the upgraded VHF BP ST radar by using three different

antenna arrangements and a large range of off-zenith angles. As such, they have been

a good verification of the use of the system for a range of experiments.

In terms of future work with the system, there are a number of extensions of the

work that has been discussed in this thesis. It would be useful to install the DBS

data analysis algorithm discussed in Chapter 3 so that it acts on DBS data in real

time. For the data that were presented in this thesis, the algorithm was applied after

data collection of a,n entire data set, due to the fact that it was in the developmental

stage. However, it would be useful to run the algorithm in real time at the BP field

site so that verified DBS velocities are available at the site during a given data run. It

is also possible thai with some optimisation of the hardware and the peak detection

algorithm discussed in Chapter 3, the height coverage of the radar could be extended.

The FCA experiment discussed in Chapter 4 should be repeated over a longer

data set in order to further verify the application of the FCA on the North-South

CoCo array. The experiment described in Chapter 4 spans a few days, which were

characterised by light winds. As such it would be good to repeat the experiment

in a range of weather conditions. Also concerning the FCA, the six receivers of the

new system would allow a comparison of the FCA on the CoCo array, as discussed in

Chapter 4, and fCA on the Yagi a rays which stand beside the CoCo arrays, as shown

in Figure 2.1. This would be worthwhile experiment as the two sets of measurements

would be simultaneous, and completely independant except for the use of the same

transmitting beam. The Yagi arrays are spaced by 50 rn, which is similar to the

spacing used for the experiment in Chapter 4. As such, the effects of the spacing, as

well as various other issues associated with trCA could be investigated.

The momentum flux study discussed in Chapter 5 has provided an important in-

sight into the effect of changing AOA in off-zenith DBS beams on this very sensitive
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measurement. As such, it would be interesting to conduct further momentumflux ex-

periments given that the errors induced by the changing AOA can now be accounted

for in the results.

In both Chapters 4 and 6 a large variation in the aspect sensitive behaviour of

the atmosphere was observed from day to day. This point was not addressed in this

thesis, and it would be instructive to investigate this behaviour and the reasons for

it by gathering a large database. In a large set of data over time, including DBS

measurements over the range of angles discussed in Chapter 6 and AOA measurements

on a vertical beam as discussed in Chapter 5, the variation of d", the slopes over the

various angle ranges, and the correlation between off-zenith DBS powers and AOAs

could be examined in detail, and the reasons for the variation as a function of time

could be fully investigated both in terms of season and prevailing weather conditions.

This would provide valuable insights into the scattering dynamics of the ST region.



Appendix A

Beam steerittg circuitry

The following page contains a circuit diagram of the beam steering cards in the BP

VHF ST radar.
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Appendix B

FCA re.iection criteria

This appendix details the reasons that the FCA code employed in Chapter 4 of this

thesis rejects a given analysed result. David Holdsworth developed the FCA code

used in Chapter 4, and as such, the content of this appendix is essentially identical to

Appendix D of Holdsuorth [1995].

The error codes for the rejection criteria are shown in Table 8.1. The error code

zero indicates the analysis has passed all the rejection criteria and obtained a set of

results. The rejection of a record can be put down to at least one of three causes:

8.1 Record unsuitable for analysis

The error codes 1 and 2 result from the record being unsuitable for analysis. Such

records are rejected prior to the application of the FCA.

o Error code 1 is employed to prevent the analysis of records with low signal level.

In such instances the coarse digitization can result in the true velocity magnitude 7¿

being significantly underestimated.

o Error code 2 is employed to prevent the analysis of records with low SNR; values

< -6 dB. This correction is used because the FCA applies noise corrections to the

data, and these corrections become difficult when the amplitudes of the signal and

noise components are comparable.
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Code Explanation

0

1

2
t
t)

4

5

6

I

8
q

10

11

72

13

I4
15

16

77

18

Record accepted
Low signal amplitude
SNR < -6 dB
îo.s ) 6 seconds

Slow fading
NTD > 0.5
K <0
Breakdown in pattern analysis

W > 250 ms-l
l0r-0"1>40"
W> Vt

v > r.5w
Poor fit to cross-correlation function

Po¿¡ 10.2
Poor zero-lag auto-correlation interpoiation
Maths error
Poor fit to mean auto-correlation function
Second peak in auto-correlation function greater than 0.5
Fading time larger than maximum lag

Table B.1: The fCA rejection criteria

8.2 lJnsuccessful correlation parameter estimation

The unsuccessful estimation of the correlation parameters can be attributed to a num-

ber of causes. It may be due to deficiencies in the correlation functions themselves, or

due to errors in the fltting procedures used to estimate the correlation functions.

o Error code 3 results when the estimated half-width rs.5 of the mean auto-

correlation function exceeds 6 seconds. Large fading times are generally indicative

of specular scatter rather than volume scatter assumed by the FCA. Error codes

17 and 18 are related to error code 3. Specular scatter generally produces time-

series with a small number of dominant frequency components resulting in oscillatory

time-series and correlation functions. Error code 17 resuits where there is a second

auto-correlation function maxima exceeding 0.5, indicating an oscillatory correlation

function. Error code 18 indicates that the fading time exceeds the duration that the

correlation functions are calculated out to, and can indicate that the FCA is not being
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calculated over the necessary number of lags.

o Error code 4 results when at least one of the cross-correlation maxima delays r/¡

lies outside the calculated range of the cross-correlation functions. This usually indi-

cates that the main peak of the corresponding cross-correlation function is subdued.

This effect can occur if the pattern scale is less than the antenna spacing such that

the correlation between the time-series recorded by the antennas is small.

¡ Error code 5 results if the normalised time discrepancy, defined as:

NrD: l_Ð_4_1, (B.1)
Llri¡l

exceeds 0.5. The sum of the r/¡ values around a closed loop of antennas should

theoretically sum to zero. In practice, statistical variations and noise can result in the

sum being rrorr-zero) and as such, this criteria is relaxed to reject those results with

NTD > 0.5.

o Error codes 12 to 16 result from the failure of the fitting routines to successfully

estimate the correlation parameters. Error code \2 results if any of the rf. estimates

are nonsensical, indicating that the Gaussian fit to the cross-correlation function has

failed. Error code 13 results if any of the po;; estimates are less than 0.2, suggesting

that either the fit has failed or that the correlation is too small to be able to provide

accurate FCA output. Error code 14 results if any of the interpolated zero-lag auto-

covariances are less than zero. This effect can occur if the auto-cottelation function

has a "jagged" appearance, as is sometimes the case for low SNRs. Error code 15

results when mathematical errors occur within the fitting routines.

8.3 Failure to satisfy the theory of the FCA

The error codes 6 to 11 result from the failure of the data to satisy the assumptions

of the FCA.

o Error code 6 is employed to reject data where K < 0, where 1( describes the

magnitude of the random changes in the ground diffraction pattern. If there are few

random changes in the pattern, 1l will ideally be close to zero,, however, statistical

variations may result in 1l being less than zero.
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o Error code 7 is employed to reject data which produces negative values of the

ellipsoid parameters, suggesting that the FCA failed to successfully parametrise the

spatio-temporal correlation function.

¡ Error code 8 results if the magnitude of the apparent velocity Vo exceeds 250

ms-7. This suggests that the random changes in the ground cliffraction pattern are

significantly larger than those expected in practice.

¡ Error codes 9 and 10 are employed to reject records where the correction for

the effects of random changes and pattern anisometry, respectively, are inconceivably

large. Error code 9 is employed to reject records where the direction of the true and

apparent velocities, 0¡ and áo respectively, differ by 40", while error code 10 rejects

records where the apparent and true velocity, Vo and I/¿ respectively, behave as Vo >

4U.

o Error code 11 is employed because random changes should produce apparent

velocity magnitudes I/o larger than true velocity magnitudes 7¿. The situation where

I/¿ is significantly larger than V" suggests tha the FCA failed to successfully parametrise

the form of the spatio-temporal correlation function. The record is rejected lor V >
1.5W.
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Appendix C

Mesospheric rotational

temperatures determined from the

OH(6-2) ernission above Adelaide,

Australia

This is a reprint of a paper by B. G. Hobbs, I. M. Reid and P. A. Greet, published

in the Journal of Atmospheric and Terrestrial Physics. This paper is based on data

collected during the Honours year of B. G. Hobbs, with analysis conducted in the first

year of the Ph.D. candidature of B. G. Hobbs, prior to the commencement of the work

with the BP VHF ST radar that is discussed in this thesis.
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