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Abstract

Ground-based coherent backscatter radar systems are extensively used to investigate 
small-scale dynamics in the earth’s ionosphere and related geophysical process(es) in 
the magnetosphere. At high-latitudes, HF radars are used due to the requisite orthogonal 
condition with the earth’s magnetic field lines. Because of the effect of ionospheric 
refraction on the ray paths, the exact path of the radar signal through the ionosphere is 
then unknown. In practice, it is important to locate the radar echo sources given the 
echo parameters, such as group path, elevation angle, and azimuth angle. Furthermore, 
radar observations consist of direct backscatter from the ground. An uncertainty arises 
due to the difficulty in separating true ground backscatter from ionospheric scatter 
which fulfils the radar criteria based on the measured Doppler velocity and spectral 
width. These problems are investigated in this research using a three-dimensional ray 
tracing computer programme, Jones3D (Jones and Stephenson, 1975). Some problems 
in the Jones3D code have been identified and corrected whilst modifications to the code 
have been made to suit the purpose of this research work. All modelling work presented 
in this thesis are based on two HF radars, the Hailey HF radar in Antarctica and the 
CUTLASS HF radar in Finland. For the best comparison with radar observations, 
realistic ionospheric conditions are used. In the case study for the Hailey HF radar in 
Antarctica, it is found that the radar’s main propagation mode is one-hop propagation, 
and that the radar scatter is mostly organised in ranges in the order of E- region scatter, 
F- region scatter, and ground scatter. The range-bin statistical analysis suggests that the 
radar criteria based on the measured Doppler velocity and spectral width are not 
sufficient, and that the measured range (group path) parameter is important and should 
be used in separating radar ionospheric echoes from ground backscatter. In the case 
study for the CUTLASS HF radar in Finland, it is found that the radar’s first hop and 
second hop propagation are both important, although most of the main features of the 
radar summary plot of beam 5 are from the first hop radar propagation. Ray tracing 
results also suggest that the radar criteria are generally good for E- region scatter, but 
not good for F- region scatter. Besides, for the Finland radar, ray tracing results suggest 
that the radar beam-width in elevation should be based on 10 dB attenuation in power, 
rather than 3 dB. Thus, the scatter from behind the radar can sometimes be significant. 
This point has been confirmed (Milan et al., 1997a, b).
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CHAPTER 1 INTRODUCTION

1.1 INTRODUCTION

Our near earth environment is constantly under the influence of the sun’s radiation. One 

of the most important consequences of this radiation is that the earth’s upper 

atmosphere is partially ionised. This ionisation, between 60-600 km, has profound 

effects on the propagation of radio waves. This region, termed the ionosphere, serves as 

a giant natural laboratory of magnetised plasma which is full of dynamical processes of 

different spatial and temporal scales and, thus, provides us with a unique opportunity 

for studying a wide range of problems of basic plasma physics.

The ionosphere can be investigated by a wide range of in situ and remote sensing 

techniques. The research work presented in this thesis is concerned with the computer 

simulation of HF radar coherent detection of small-scale ionospheric irregularities. The 

modelling results are compared with HF radar observations made in both northern and 

southern hemispheres by the Hailey HF radar in Antarctica and the CUTLASS HF 

radar in Finland. Before the subject is expanded upon, it is useful to introduce briefly 

some relevant background material, which includes the sun’s influence on our near 

earth’s environment, the neutral atmosphere, the nature and distribution of the 

ionospheric plasma, and the structures in the high-latitude ionosphere.

1.2 THE SOLAR-TERRESTRIAL ENVIRONMENT

The sun constantly emits both electromagnetic (EM) and corpuscular radiation into 

interplanetary space. Electromagnetic radiation, such as radio, infrared, visible, 

ultraviolet (UV), extreme ultraviolet (EUV), and X-rays, travels at the free space speed 

of light radially outwards from the sun. The transit time of the solar EM radiation from
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the sun to the earth is about 8.3 minutes. As a result of this solar EM radiation, 

especially EUV and X-rays, the upper part of the earth’s atmosphere is partially 

ionised. The ionisation is of sufficient magnitude that the plasma density can have 

profound effects on the propagation of radio waves in this region.

The solar corpuscular radiation (solar wind), which comes mainly from the expansion 

of the solar coronal plasma into interplanetary space, consists of solar energetic 

particles and the ‘frozen-in’ interplanetary magnetic field (IMF). A typical speed of the 

solar wind at a distance of 1 AU from the sun is around 400 km/s, which can increase to 

about 1,000 km/s during disturbed periods (Davies, 1990). When the solar wind 

travelling at supersonic speed reaches the earth, it impacts on and compresses the 

earth’s day side outer geomagnetic field. At the nightside, it pulls the geomagnetic field 

out to more than 100 earth radii to form the so-called geomagnetotail, see figure 1.1. 

The resultant cavity containing the deformed geomagnetic field is called the 

magnetosphere. Magnetospheric physics is a very large complex subject and is not 

discussed here in more detail. The interested reader is referred to Ratcliffe (1970), 

Dungey (1961), Axford and Hines (1961), and, more recently, Hargreaves (1992), 

Kamide and Baumjohann (1993).

Solar activity resulting from solar flares and coronal mass ejections can cause severe 

disturbances in the earth’s magnetosphere and ionosphere. Such activity may start with 

dayside sudden ionospheric disturbance (SID) due to enhanced EM radiation which 

tends to be relatively short lived (-10 - 60 mins). This is often followed by severe 

geomagnetic field disturbances called a magnetic storm which may include a series of 

nightside magnetic substorms. Polar cap absorption (PCA) events and ionospheric 

storms may also follow with time scales for recovery of order several days.

1.3 THE NEUTRAL ATMOSPHERE

The neutral atmosphere not only serves as a reservoir of neutral particles to be ionised 

by the solar radiation, but also through collisions with charged particles interacts with 

the ionosphere. Although the ionisation in the earth’s upper atmosphere is very

2
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important in terms of ionospheric radio wave propagation, the ionisation is only one of 

the minor constituents of the earth’s upper atmosphere. Even in the main layers of the 

ionosphere, less than 1% of the air is ionised (Rishbeth, 1988). The neutral atmosphere 

can be subdivided either by its vertical average temperature structure or dynamical 

processes. A brief summary is given below.

1.3.1 Vertical average temperature structure

By its vertical temperature structure, the atmosphere may be subdivided into four main 

regions, which are the troposphere, stratosphere, mesosphere and thermosphere. Figure

1.2 shows a typical vertical temperature profile, which is a model profile at equinox for 

mid-latitudes taken from the U.S. standard atmosphere (1976).

The troposphere ( 0 - 1 2  km) is the lowest region of the earth’s neutral atmosphere, 

where the temperature decreases from its ground level value with increasing height. The 

main heat source for this region is the solar radiation absorbed by the surface of the 

earth. The temperature in this region ceases to decrease at the tropopause. The height of 

the tropopause has a clear latitudinal variation, being highest in the equatorial region 

and decreasing with increasing latitude.

The region above the tropopause is termed the stratosphere (12 - 50 km), in which the 

temperature increases with height. The stratosphere temperature reaches its maximum 

of about 270 K at the stratopause. The main heat source for this region is the absorption 

of solar ultraviolet radiation by ozone.

Above the stratopause, the temperature decreases again reaching a minimum of 180 - 

190 K at the mesopause (around 80 km altitude), the coldest part of the whole terrestrial 

atmosphere. The heat source in this region is determined by the radiative heating of 

molecular oxygen and infrared radiative cooling of carbon dioxide.

The thermosphere (above 80-90 km) is the top region of the terrestrial atmosphere, in 

which the temperature increases monotonically with height, as shown in figures 1.2 and

3



HE
IG

HT
 

( k
m 

)

120

T h e r m o s p h e r e
100

80

M e s o s p h e r e

60

S t  r a t o s p h e r e

20

T r o p o s p h e r e

l O '14

i c r 3

icr2

icr1

1 0 °

1 0 '

1 0 2

1 0 3
160 200 240 280 320 360

T E M P E R A T U R E  (K)

Figure 1.2 A model temperature profile for mid-latitude equinox 
(taken from the U.S. standard atmosphere, 1976)

PR
ES

SU
RE

 
(m

b 
)



1.3. The highest temperature of this region could reach 1,000 to 2,000 K due to 

radiative heating of atomic oxygen.

1.3.2 Arranged by dynamical processes

Dynamically, the neutral atmosphere can be subdivided into three main regions, termed 

the turbosphere, diffusosphere and exosphere, as shown in the right panel of figure 1.3. 

The turbosphere is a region below 100 km altitude, where the major gas constituents, 

nitrogen (N2) and oxygen (0 2), are well mixed by turbulence, and where the air can be 

treated as a gas with constant molecular weight. The top of this region is referred to as 

the turbopause. Above the turbopause is the diffusosphere, 100-700 km, where all gas 

constituents are diffusively separated by the action of gravity because of lack of 

turbulence. The region above 700 km altitude is termed the exosphere, where the air is 

too rare to be considered as a gas. Individual atoms can move freely in satellite-like 

orbits controlled by the earth’s gravity. At higher altitude, the gravity is so small that 

some atoms could be moving upwards and finally escaping from the gravity of the 

earth.

1.4 THE IONOSPHERE

The ionosphere, 60-600 km, is defined as that part of the earth’s upper atmosphere in 

which free electrons are sufficiently numerous to influence the propagation of radio 

waves (Rishbeth, 1988). The ionisation is produced by a wide spectrum of solar EUV 

and X-ray radiations. Early ionosonde studies (Breit and Tuve, 1926) revealed that the 

ionosphere could be subdivided into several main layers. They are D, E and F layers as 

designated in the left panel of figure 1.3.

1.4.1 Basic ionospheric processes

In the real situation, the formation of the ionospheric D-, E- and F- regions are quite 

complicated. However, the main features of the ionisation production and loss

4
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processes can be summarised fairly simply as follows. For either electrons or ions, the 

continuity equation is given by

dN/di = q -  L(N) -  V-(NV) (1.1)

where N is number density, q the production rate, L(N) the loss rate, V the drift 

velocity. The transport term V (NV), except for the F2 layer, is usually less important 

and neglected. If quasi-equilibrium is assumed, equation (1.1) becomes

L(N) = q (1.2)

in which the loss term may be generalised as

L(N) = aN 2 Chapman a  layer (1.3)

L(N) = pN Chapman p layer (1.4)

The above two equations represent the two main electron loss processes in the 

ionosphere. Equation (1.3) is the recombination reaction in which the rate of loss of 

electrons is proportional to the square of the electron density, and (1.4) is the 

attachment reaction in which the rate of loss of electrons is proportional to the first 

power of the electron density (and not the second power, as for recombination). For an

kT
ideal Chapman layer, assuming the scale height ( H = —  ) independent of height

mg

(where k is Boltzmann constant, T is the temperature of the gas, m is the atomic 

(molecular) mass and g is the gravitational acceleration), the peak production rate of the 

layer is given by (Rishbeth and Garriott, 1969)

qm = qoCosx (i-5)

where q0 is the peak production rate for an overhead sun and x is solar zenith angle. 

Combining equations (1.2), (1.3), and (1.5) as well as (1.2), (1.4), and (1.5) gives

5



N m oc Jcosx  Chapman a  layer (1.6)

N m oc cosx Chapman p layer (1.7)

where Nm is the peak electron density of the layer. The critical frequency of the 

ordinary mode of the layer is given by

fo2 =80.6Nra (1.8)

Substituting (1.6) and (1.7) into (1.8) gives

f0 oc 4/cosx Chapman a  layer (1.9)

f0 oc y[cos% Chapman p layer (110)

1.4.2 Main ionospheric regions

The D-region (60 - 90 km), the lowest part of the earth’s ionosphere, is mainly ionised 

by solar X-rays, cosmic rays and solar Lyman a. The electron loss process in the D- 

region is predominated by the attachment of electrons to neutral atoms and molecules to 

form negative ions, which can then recombine with positive ions. At night, negative 

ions are more abundant than electrons at all heights below 90 km. By day, the negative 

ions are very quickly destroyed by the visible and ultraviolet sunlight and they are only 

abundant below 70 km. Since the predominant loss process of electrons is by the 

attachment reaction, the rate of loss of electrons is expected to be proportional to the 

electron density, i.e. L(N) = pN, equation (1.4). Observations show that the D-region 

electron density does vary quite regularly with equation (1.7), which can then be used 

to test whether the main loss mechanism in the layer is by attachment or recombination.

Above the D-region is the E-region (90 - 150 km), which is mainly produced by solar 

EUV and X-ray radiation, where almost all positive ions (NO+ and 0 2+) are molecular 

and the dominant electron loss process is by dissociative recombination reaction. In this 

case, the rate of recombination of electrons equals the rate of recombination of the

6



molecular ions, L(N) = aN 2. In fact, the critical frequency of the E-region, f0E, varies 

quite regularly with equation (1.9), which means the E-layer is a Chapman a  layer.

The region above E is termed the F-region (150 - 600 km), sometimes being a single 

layer and sometimes split so that the FI layer/ledge appears well developed on its lower 

side. At night, it is always single with no FI layer at all. By day the FI layer is more 

prominent in summer and towards the minimum of the solar cycle. When the FI layer 

is observed, its penetration frequency, f0Fl, behaves as expected for a Chapman 

recombination layer, as described by equation (1.9). This is because the dominant 

positive ions in the FI-layer are molecular (NO+ and 0 2+) and because the principal 

electron loss process is by dissociative recombination reaction.

Above the FI layer is the F2 layer, where the positive molecular ions (NO+ and 0 2+) 

give way to positive atomic oxygen ions (0 +) and the recombination reactions are 

changed. The most important chemical reactions in the F2 layer are

o + + n 2- > n o ++n

NO + e —> N + O 

O +02 —> 02 + O

Equations (1.11) and (1.13) are called charge exchange reactions and equation (1.12) is 

a dissociative recombination reaction. Equation (1.13) is less important, since, 

compared to N2, the smaller scale height of 0 2 results in a faster rate of decrease in 

density with increasing height. Above the FI peak, the rate of production of electrons 

(and ions) is determined by the atomic oxygen density, which decreases upwards 

depending on its scale height. On the other hand, the rate of loss of 0 + is mainly 

controlled by equation (1.11), and is then dependent on the number of nitrogen 

molecules (N2) available at that height, which decreases upwards faster than atomic 

oxygen (O) because of its smaller scale height. The consequence is that, although the 

rate of production decreases upwards above the FI peak, the electron density in an 

equilibrium layer increases upwards and it is these electrons which form the F2 layer 

(Ratcliffe, 1970). Furthermore, because the ion loss process is mainly controlled by

( 1.11)

( 1.12)

(1.13)
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(1.11), the rate of loss of ions is assumed to be linearly proportional to its own density, 

equation (1.4). The F2 layer is, therefore, a Chapman p layer.

1.5 STRUCTURES IN THE HIGH-LATITUDE IONOSPHERE

The high-latitude ionosphere is the most dynamic part of the earth’s ionosphere due to 

the electrical coupling between the high-latitude ionosphere, the magnetosphere and the 

solar wind. A number of processes are involved in this coupling and these are discussed 

below.

1.5.1 Coupling between the ionosphere, magnetosphere and solar wind with field- 

aligned currents

Above the E-region, because the collisions between charged particles and neutrals are 

very rare, the conductivity parallel to the earth’s magnetic field a 0 (specific 

conductivity) can be very large, much greater than a P (Pedersen conductivity) and a H 

(Hall conductivity). Therefore, above the E-region the geomagnetic field lines can be 

taken as very good conductors being able to transmit electric fields for long distances 

along B.

Due to the open geomagnetic field lines at high-latitudes, both of the high-latitude 

ionospheres are electrically linked through field-aligned currents to the magnetosphere 

and sometimes even to the interplanetary medium (when the IMF Bz southward), which 

makes this part of the ionosphere exposed to and very likely influenced by large-scale 

disturbances generated in either the magnetosphere or solar wind.

1.5.2 High-latitude ionospheric convection

The electrical coupling through field-aligned currents to the magnetosphere and even to 

the interplanetary medium means that large-scale electric fields generated in the outer 

magnetosphere or solar wind can map down to the high-latitude ionosphere. The 

resultant effect is the production of large-scale convection of high-latitude ionospheric 

plasma, figure 1.4.
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1.5.3 Particle precipitation and aurora

In the auroral region, energetic particles from the solar wind can, from the dayside cusp, 

precipitate into the ionospheric E-region, strike the neutrals there to produce the 

dayside optical aurora. On the nightside, charged particles from the magnetotail can 

also be accelerated back into the nightside auroral region, forming the nightside aurora. 

Large-scale patches of enhanced ionisation are produced by these precipitating particles 

and, at the same time, small-scale structures may be produced by gradient drift 

instability.

1.6 THE AIM OF THIS RESEARCH

In the past ten years much effort has been directed towards studying the high-latitude 

ionospheric irregularities both theoretically and experimentally (e.g. Greenwald et al., 

1985, 1995; Villain et al., 1985; Glassmeier et al., 1987, 1989; Robinson, 1986; St- 

Maurice, 1987). Many ground-based coherent radars, such as PACE (HF), CUTLASS 

(HF), SABRE (VHF), and incoherent scatter radars, such as EISCAT, Sondrestrom, and 

Millstone Hill, have been developed and are in operation. Many ground-based high- 

latitude magnetometer networks have also been built and put in operation as well. With 

the help of these radars and magnetometer arrays, the knowledge of high-latitude 

irregularities has greatly been advanced, but much still remains to be known.

The aim of this research is to simulate HF radar coherent detection of small-scale 

irregularities in plasma density in the high-latitude ionosphere. The modelling results 

are compared with radar observations made in both northern and southern hemispheres 

by the Hailey HF radar in Antarctica and the CUTLASS HF radar in Finland. This 

research work involves three-dimensional ray tracing modelling of HF coherent 

detection of ionospheric small-scale irregularities under realistic ionospheric

9



conditions. Emphasis is given to the separation of radar ionospheric echoes from 

ground backscatter.
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CHAPTER 2

SMALL-SCALE IRREGULARITIES IN THE HIGH- 

LATITUDE IONOSPHERE

2.1 INTRODUCTION

It is believed that small-scale structures of electron density in the high-latitude 

ionosphere are produced by a variety of plasma instability mechanisms over a range of 

altitudes. Our modem understanding of these mechanisms started with the independent 

work of Farley (1963) and Buneman (1963) on the high-latitude auroral electrojet 

instability. Since then, especially in the past ten years, small-scale stmctures of electron 

density in the ionosphere have been studied extensively by ground-based HF, VHF, and 

UHF radars. In the mean time, theoretical efforts have been made to understand the 

physics behind these radar backscatter phenomena. Some elegant theories, linear and 

nonlinear, have been developed on the generation and growth of these density 

irregularities. Comprehensive reviews on the subject of ionospheric irregularities have 

been given by Fejer (1979), Fejer and Kelley (1980), Farley (1985), and Haldoupis 

(1989).

Detailed discussion of the theory of small-scale irregularities in the ionosphere is out of 

the scope of this thesis. However, because the work presented in this thesis involves ray 

tracing modelling of HF radar coherent detection of field-aligned small-scale 

irregularities in the high-latitude ionosphere, it is useful to review in this chapter briefly 

both the theory and radar studies of the plasma irregularities in the high-latitude 

ionosphere.
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2.2 CHARGED PARTICLE MOTION

In the upper atmosphere, the motion of charged particles is constantly affected by a 

number of factors, such as the external magnetic field, ambient electric field, gravity, 

collisions with other gas components. In general, the linearised momentum equation of 

the motion of charged particles in a magnetised plasma may be written as

d v .
mjnj ~ d 7  = n j q j ^E  + y j  x B  ̂+ mjnj Z ~ k*TiVni ~ mJnjv j ^ y j - u ) (Z1) 

where

subscript j is for the jth species of charged particles

rrij mass

nj number density

Vj charge of particle

yj perturbation velocity

kB Boltzmann constant

Tj temperature

yjn collision frequency between the charged particles and neutrals

E ambient electric field

B a uniform external magnetic field

g gravitational acceleration

U neutral velocity

On the right-hand side of (2.1), from left to right, the first term is Lorentz force, second 

term the gravity effect, third term the pressure effect, and the last term neutral drag. If 

quasi-equilibrium is assumed, equation (2.1) becomes

rijq j (E + \  j x B )  + mjnJg - k BTjVnj -  r n ^ v  7>,(v y -U )  = 0 (2.2)

q,  |B|Set co By = ——  , equation (2.2) may be rewritten as
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V ■ V •I" J ® B 7 ( V / X f i ) E + g
kB Tj Vrij

m j n, + v > u (2.3)

where B is the unit vector of B. The dot product of (2.3) withB gives the motion of 

charged particles moving along the magnetic field lines,

q , - - knTi V«, ~
v,»v, -B = -^-E -B  + g - B — L i — - - B  +v , U-B (2.4)

' J rrij mj rij ’

in which the gravity and pressure effects are usually less important and negligible. 

Assuming E perpendicular to B, equation (2.4) becomes

\ j  B = U B (2.5)

which means that in the magnetic field direction charged particles move with the 

neutrals.

In perpendicular directions, if Vjn »  coBj (which is the case for ions in the E-region), 

the first term on the left-hand side of (2.3) is usually more important than the second 

term. Neglecting the less important second term, (2.3) may be written as

— — E  +  —

mjVJn jn
k j j  V n ,

mjVj„ rij
+ U (2.6)

in which, because of the large collision frequency, the first three terms on the right- 

hand side of (2.6) are less important and can be neglected. The velocity of charged 

particles is therefore eventually the same as that of the neutrals. This implies the fact 

that, when the collision effect is more important than the magnetic gyration effect, 

charged particles could simply be considered as being dragged by and moving with the 

neutrals. It appears as if the plasma were not magnetised. This situation is sometimes 

referred to as collision controlled or unmagnetised.
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If Vjn «  coBj, then, the second term on the left-hand side of (2.3) becomes more 

important than the first term, as is the case for electrons in the E-region, and for both 

electrons and ions in the F-region. Ignoring the less important term, (2.3) x B gives

x B + v jwU x B  (2.7)

Expanding and rearranging (2.7) gives

v = E X B / B2

| g  x B kaTj Vw. .
xB  + ^ U x B  

co„.
(2 .8)

The first term of (2.8) is usually the most important term. The other terms are less 

important because of the large gyration frequency coBj. Thus, equation (2.8) may be 

simplified as

which means that, when the effect of magnetic gyration is much more important than 

the collisions with neutrals, charged particles may be considered as moving in the

charge. Then, the charged particles of this species are said to be strongly magnetised.

The above discussion shows that in directions other than parallel to the magnetic field 

the motion of charged particles depends largely on the relative importance of the effects 

of the collisions with neutrals and magnetic gyration. If the magnetic gyration is more 

important, the charged particles are mainly driven by electromagnetic force and move 

in the E x B direction, in which case, the charged particles are considered to be 

strongly magnetised. If collisions are more important, then the plasma can be treated as 

if it were not magnetised, that is, collision controlled or unmagnetised.

v y_L = E x B / 5 2 (2.9)

E x B direction (Hall direction) at the velocity E x B / B2 , regardless of their mass and
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The above discussion can be readily applied to plasma motions in both the ionospheric 

E- and F- regions. In the E-region, since ven «  coBe and vin »  coBi , electrons are 

strongly magnetised and ions are collision controlled or unmagnetised. Thus, electrons 

move in the Hall direction while ions move with the neutrals. This implies that at E- 

region heights electrons and ions move at different speeds in different directions. 

Strong electric currents termed electrojets are thus produced. In the F-region, collisions 

with neutrals become less important for both electrons and ions. Thus, both electrons 

and ions are considered to be strongly magnetised. They move at more or less the same

speed | E x B/Z?2| in the same direction (Hall direction). No significant currents are

produced at this altitude.

2.3 HIGH-LATITUDE AURORAL E-REGION PLASMA INSTABILITIES

Small-scale ionospheric irregularities are believed to be produced and sustained by 

various plasma instabilities, the small-scale electrostatic turbulence in the medium. In 

the high-latitude auroral E-region, the two most important instabilities are the cross 

field two-stream instability, also called the Farley-Buneman instability (Farley, 1963; 

Buneman, 1963), and the gradient drift instability (Simon, 1963; Hoh, 1963; Rogister 

and D’Angelo, 1970). These instabilities generate plasma density waves at auroral E- 

region heights giving rise to auroral radar backscatter. The streaming nature of the two- 

stream instabilities in the E-region causes them to collocate with ionospheric 

electrojets, which can then be located and studied by ground-based coherent scatter 

radar systems (Greenwald et al., 1975).

2.3.1 Coherent radar studies o f auroral E-region irregularities

The first extensive study of the high-latitude ionospheric convection using ground- 

based coherent scatter radars started in 1970s with the development of the Scandinavian 

Twin Auroral Radar Experiment (STARE) in northern Scandinavia (Greenwald et al., 

1978). STARE consists of two bistatic phased-array radars and is capable of 

determining a two-dimensional vector velocity map of irregularities in the E-region
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using the Doppler data from the two radars. STARE was then extensively used for 

studies of the two-dimensional structure and dynamics of ionospheric plasma 

convection. The success of the STARE research led to the development of several other 

VHF radar systems, such as the Sweden And Britain Radar Experiment, SABRE, 

(Nielsen et a l, 1983) and the Bistatic Auroral Radar System, BARS, (McNamara et al., 

1983). Since then, a large amount of data has been obtained and some elegant linear 

and non-linear theories have been developed.

The spectra of received auroral radar signals are classified into four types, numbered 

from I to IV, as shown in figure 2.1. Type I and IV are due to the two-stream instability 

with type IV of enhanced ion-acoustic velocity due to elevated electron temperature. 

Type II is caused by gradient drift instability and type III is interpreted as due to 

collisional electrostatic ion-cyclotron waves.

2.3.2 Linear theory o f  E-region instabilities

At the height of the auroral electrojets, - 1 1 0  km, electrons are strongly magnetised and 

move in the E x B direction, while ions are collision controlled and stay with the 

neutrals. Driven by the electromagnetic force E x B , electrons can move very fast 

through ion gas. Turbulence may be triggered by the friction between these two gas 

constituents. This process is known as the two-stream instability.

Gradient drift instability occurs when some triggering conditions are satisfied by 

favourable geometry of the background electron density gradient V n , the ambient 

electric field E, and the geomagnetic field B. A schematic diagram is shown in figure 

2.2, which illustrates that, when the geometry conditions are met, any kind of initial 

perturbations in density 5n is likely to be amplified by the electromagnetic force 8ExB 

driving the lower density plasma up the gradient and the higher density plasma down 

the gradient. The polarised electric fields 8E are produced by charge separation due to 

E x B drift of electrons (Hall current).
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In the existing linear theory, both the ambient electric field and electron density 

gradient are considered as two primary driving terms in the generation of electrostatic 

plasma density waves. These two driving terms are readily included in one dispersion 

relation, representing the modified two-steam and gradient drift instabilities, 

respectively. For the generated electrostatic waves, the two most important parameters 

are oscillation frequency co and growth rate y, which are given by

(2 .10)

(2 .11)

where

/

termed magnetic aspect angle defined as the angle 

between the propagation vector k and the direction 

perpendicular to magnetic field B

a

ion-acoustic speed

Boltzmann constant

electron and ion temperatures, respectively

<m> mean ion mass 

plasma wave numberk

0 = arccos(k • ) flow angle

\ d = Ve - V) relative electron-ion drift velocity

the gradient scale length of electron density along the

n,

ne, q ,

o

ambient electric field 

background electron density

electron-neutral and ion-neutral collision frequencies, 

respectively

electron and ion gyrofrequencies, respectively
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In the absence of density gradient, i.e. L = oo, the instability becomes pure Farley- 

Buneman instability. The plasma becomes unstable when

F^cose > C ,( l  + lF) (2.12)

2.3.3 Nonlinear theory

Early comparisons of observations between coherent scatter radar and El SCAT 

(European Incoherent Scatter radar) (Nielsen and Schlegel, 1985) showed that the phase 

speeds at metres scale of Farley-Buneman waves are limited to values near the ion- 

acoustic speed. For very large electric fields, the ion acoustic velocity can be enhanced 

due to wave heating of electron gas. This electron wave heating phenomenon in the

auroral plasma can be explained satisfactorily in terms of extra collisions between
>|(

electrons and plasmons by introducing a parameter ve , termed the anomalous electron

collision frequency, which takes into account the momentum transfer between electrons

and plasma waves due to electron scattering by waves (Robinson, 1986; St-Maurice,

1987; Haldoupis et al., 1993; Robinson, 1994). Then, the above ve in (2.11) should be 
♦

replaced by ve+ve . The essence of the nonlinear theory is that this extra collision 

process leads to wave drag and wave heating in the electron plasma and serves as a 

negative feedback mechanism stabilising the waves.

2.4 HIGH-LATITUDE F-REGION INSTABILITIES

The F-region ionosphere contains a wealth of electron density irregularities. These 

irregularities are also produced by plasma instability processes. Early studies show that 

irregularities are especially abundant at high latitudes (Aarons, 1973). As discussed in 

section 2.2, in the F-region, collisions between charged particles and neutrals become 

less important than the effect of magnetic gyration. Both electrons and ions are 

considered as being strongly magnetised and move in the E x B direction at more or 

less the same speed. Thus, in the F-region, there are no significant Hall currents 

(electrojets) and no two-stream instability at all. Plasma density irregularities may also
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be formed by structured particle precipitation or images of magnetospheric turbulence. 

The most common plasma instability is the generalised E x B instability, responsible 

for the generation of plasma waves with relatively long wavelengths. An energy 

cascading process is believed to be responsible for producing secondary waves of 

shorter wavelengths which give rise to frequently observed HF coherent backscatter at 

auroral latitudes (Kelley and Heelis, 1989).

2.4.1 Coherent radar studies o f  auroral F-region irregularities

Historically, most early radar studies of F-region irregularities have been confined to 

low and mid-latitudes where VHF or UHF radars can achieve the required orthogonal 

condition with the earth’s magnetic field (Woodman et al., 1976; Tsunoda et al., 1979). 

At high-latitudes, it is practically impossible for VHF or UHF radar waves in the F- 

region to achieve the required orthogonality in order to get the radar signals scattered 

back to the radar site. In the past decade, HF radars have been increasingly used to 

study the F-region irregularities in the high-latitude ionosphere. Taking advantage of 

the ionospheric bending effect, these HF radars can achieve the required orthogonality 

in both the E- and F- regions. They also extend the wavelength range of irregularity 

investigations out to 19 meters, thereby bringing the observations into a regime where 

plasma fluid effects dominate over plasma kinetic effects. Following the deployment of 

the Goose Bay HF radar, the prototype for the current generation of HF coherent 

backscatter radars (Greenwald et al. 1985), many other similar HF radar systems have 

been developed and put in operation (Greenwald et al., 1995). Among them are the 

Polar Anglo-American Conjugate Experiment (PACE) and the Cooperative UK Twin 

Located Auroral Sounding System (CUTLASS). PACE is directed toward conjugate 

phenomena with emphasis on plasma convection (Baker et al., 1989a, 1989b), while 

the CUTLASS HF radar is designed to be capable of resolving the vector velocity of 

plasma convection perpendicular to the earth’s magnetic field and determining the 

elevation angle of arrival of backscattered signals (Milan et al., 1997a). More detailed 

discussions of these two HF radars will be given in later chapters.
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2.4.2 Generalised E  x B instability

The generalised E x B instability is a high-latitude F-region implementation of the 

generalised gradient drift instability, which is developed out of the linear theory of the 

Rayleigh-Taylor instability first proposed by Dungey (1956) as a mechanism for the 

formation of equatorial spread F. In Dungey’s model, the gravitational acceleration g is 

the only destabilising force. It is quite clear in (2.8) that gravity is a destabilising force, 

but not the only one. The ambient electric field E and the neutral winds U can also 

contribute under favourable geometric condition. The zero-order density gradient term 

does not contribute, since Vn x B is always perpendicular to the background density 

gradient and can never contribute in moving the lower density plasma up the gradient 

and the higher density plasma down the gradient to generate waves. The generalised 

gradient drift instability takes all the destabilising terms into account. This is 

particularly important for the high-latitude ionosphere as here g is nearly parallel to the 

geomagnetic field B and hence g x B is negligible. The neutral wind U can be readily 

included if we use the electric field measured in the neutral frame of reference, given by 

E' = E + U x B . Thus, at high-latitudes, the generalised gradient drift instability 

becomes the generalised E x B  instability.

A schematic illustration is shown in figure 2.3 of the generalised E x B  instability. 

When the geometry condition is satisfied any initial perturbations are very likely to 

produce a polarised electric field 5E' due to charge separation produced by the 

Pedersen current a pE'. The resulting electromagnetic force 5E' x B drives the lower 

density plasma up the gradient and higher density plasma down the gradient. Thus, the 

initial perturbations in density are amplified by the instability. For the high-latitude F- 

region ionosphere, the geometry condition is given by

(E' x B) • Vn > 0 (2.13)

where E' is the electric field measured in the neutral frame of reference, B the magnetic 

field and Vn the background zero-order density gradient. A good example of this 

geometry condition is given by a series of satellite data (figure 2.4), in which there is a
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Figure 2.2 Schematic diagram showing the (E-region) gradient 
drift process for daytime conditions
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Figure 2.3 Schematic diagram of the generalised ExB instability 
at high-latitudes (or the Rayleigh-Taylor instability at 
equatorial F-region)
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clear preferential structuring of plasma density enhancements on gradients of a 

particular sign. In fact, the F-region generalised E x B  drift instability is quite similar 

to the E-region gradient drift instability. The main difference is that in the F-region the 

polarised electric field is produced by the Pedersen current, whereas in the E-region it is 

mainly produced by the Hall current.

2.4.3 Waves o f  shorter wave-lengths

The wavelengths of F-region density irregularities which have frequently been observed 

by ground-based HF coherent backscatter radars are, in general, shorter than that of the 

waves generated by the generalised E x B  drift instability. It is suggested that it is very 

likely that secondary waves of shorter wavelengths are generated through cascading 

processes in a manner similar to neutral turbulence, but of much more complexity 

(Kelley and Heelis, 1989).

2.4.4 Slow phase velocity

In searching for the origin of those waves responsible for the Doppler shift of the radar 

received signals, comparisons were carried out by Ruohoniemi et al. (1987) of 

simultaneous measurements made with both HF coherent and incoherent scatter radars 

at Sondre Stromfjord, figure 2.5. Two data sets show quite good agreement which 

implies that in plasma frame of reference the wave phase velocity is quite small. This is 

because the coherent scatter radar measures the phase velocity of plasma waves, 

whereas the incoherent scatter radar measures the velocity of ion-drift. In this sense, in 

the F-region, the phase velocity measured by a ground-based HF coherent scatter radar 

could be taken as plasma drift velocity in that region.

2.5 SUMMARY

To summarise, this chapter gives a brief review of the theory and radar studies of the 

plasma instabilities in the high-latitude ionosphere. Some concepts will be used in later

21



chapters, such as the geometry consideration for HF radar coherent detection of F- 

region irregularities in the high-latitude ionosphere.

22



D
op

pl
er

 v
el

oc
ity

 
(m

/s
)

1200

1000

800

600

400

200

-200

-400

-600

-800

+ +-1000

-1200

Time (UT)

Figure 2.5 Comparison of time series data for HF (heavy crosses) 
and incoherent scatter (light crosses) velocity estimates 
calculated for the returns received from the nearby 
volumes. [After Ruohoniemi et al, (1987)]



CHAPTER 3

COHERENT SCATTERING AND DETECTION

3.1 INTRODUCTION

In both equatorial and high-latitude ionospheric regions, pronounced radar backscatter 

is frequently received from small-scale ionospheric irregularities. This fact implies the 

possibility of studying the ionospheric small-scale dynamics using ground-based radar 

systems. Perhaps the first use of radio techniques to study irregularities was the work of 

Berkner and Wells who used an ionosonde to study spread F (1934) and sporadic E 

(1937) in the equatorial region. The use of techniques other than ionosondes to 

investigate ionospheric E-region irregularities probably started with investigations of 

the radio aurora (Collins and Forsyth, 1959). Harang and Stoffregen (1938, 1961) were 

the first to observe and describe the scattering of VHF radio waves (on communication 

circuits). An outline of the theory of coherent scattering of radio waves from 

ionospheric irregularities was initiated by Booker (1956) and extended by Walker et al. 

(1986). The analysis of scattering in terms of plasma waves developed by Farley 

(1963), Buneman (1963), Rogister and D’Angelo (1970), and others, is summarised and 

compared with experimental results by Fejer and Kelley (1980) in a comprehensive 

review of ionospheric irregularities. Detailed discussion of ionospheric radar techniques 

can be found in the handbook for Middle Atmosphere Program (Fukao, 1989) and 

Radio Techniques for Probing the Terrestrial Ionosphere (Hunsucker, 1991). This 

chapter is not intended to go through the detailed theory of coherent scattering and 

radar techniques. It only discusses those principles of coherent scattering and radar 

techniques which will be used in discussions of later chapters.
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3.2 CLEAR-AIR RADAR SCATTER

The clear-air radar scatter from the ionospheric region is believed to be caused by small 

fluctuations of refractive index, which are in turn caused by the fluctuations of electron 

density in that region. For a plane electromagnetic wave incident upon a scattering 

volume v, which is large compared to the wavelength of the incident radar signal and 

small enough to ensure the statistical uniformity, the electric field of the scattered wave 

is given by (Haldoupis, 1989)

EJi )  x  |An(r,/)exp(-y(k, -k ,)-r )r f3r (3.1)

where An(r,t) is the fluctuation of electron density from the background, k} and kg are 

wave vectors of incident and scattered radar signals, respectively. The integral of (3.1) 

is a Fourier spatial wave component of An(r,t) with wave vector k = kj -  k,. In other 

words, the electric field of the scattered wave is proportional to a particular Fourier 

spatial wave component of the fluctuations of electron density. In the backscatter case, 

because kg = -k j , then

k , - f  (3-2)

Therefore, for backscatter detection, radar signals scatter from a particular Fourier 

spatial wave component of ionospheric irregularities, provided that (3.2) is satisfied.

3.3 FIELD-ALIGNED DENSITY IRREGULARITIES

Having established the concept that for backscatter detection a radar identifies one 

particular spatial wave component of electron density structures (irregularities) in the 

ionosphere, it is now pertinent to take a closer look at the ionospheric scattering agents, 

small-scale electron density irregularities produced by various ionospheric instability 

mechanisms. Because of the existence of the external magnetic field, the ionospheric 

plasma is no longer isotropic electrically. Charged particles move very easily along the 

imposed external field direction, but not across it. This anisotropic nature makes the
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ionospheric plasma tend to form structures elongated along the external magnetic 

direction when it is disturbed. Now if we assume that the field-aligned density structure 

has an autocorrelation function which is also field-aligned and may ideally be taken as a 

pencil-like function p(r,x), we can then investigate the power spectrum of this field- 

aligned structure. Note that this is a very idealised picture, since there is nothing like 

typical pencil-like structure. The power spectrum of the density structure is simply a 

Fourier transform of the autocorrelation function p(r,x), for the spatial Fourier 

transform, this is

where k is the wave vector of the Fourier spatial wave components. It is not difficult to 

envisage the general shape of the power spectrum 0(k,x) in k-space, since the Fourier

ionospheric small-scale irregularities are elongated along the earth’s magnetic field 

lines, the wave vectors of the main spectral components (Fourier spatial wave 

components) should be very close to perpendicular to the local geomagnetic field lines, 

i.e. k should be very close to perpendicular to B. Therefore, equation (3.2) suggests that 

for backscatter detection the radar probing wave vector kj should also be very close to 

perpendicular to the earth’s magnetic field lines, the so-called orthogonality condition 

required for the coherent detection of field-aligned irregularities.

If there is any dynamic process in the medium associated with the density structure, it 

can be revealed by the temporal Fourier transform of 0(k,x), which is given by

where co is the frequency of temporal oscillation associated with each spatial wave 

component in the spectrum. Then, the phase velocity of each spatial wave component is 

given by

(3.3)

transform of a pencil-like function is a pancake-like function. That means, if the

f O(k,x) exp(-ycox) dx
00

(3.4)
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The above discussions, (3.2) and (3.3), suggest that for backscatter detection a radar can 

only receive ionospheric scatter from regions where orthogonalities are achieved 

between the radar probing wave vectors and the local geomagnetic field lines. The 

Doppler signature, given by (3.4) and (3.5), provides dynamic information on how fast 

the density structure changes with time.

3.4 RADAR FREQUENCIES AND GEOMETRY CONSIDERATION

The basic principle discussed in the above two sections on radar backscatter detection 

of field-aligned small-scale irregularities in the ionosphere is that radars can only see 

irregularities in those regions where the orthogonality condition is achieved between 

the radar probing wave vectors and the local geomagnetic field lines. At high-latitudes, 

the earth’s magnetic field lines are nearly vertical, and therefore, there is no difficulty 

for a ground-based VHF or UHF radar to achieve the required orthogonality condition 

in the E-region, as rays should propagate nearly in straight line at these frequencies. In 

the F-region, because of lack of ionospheric refraction at the VHF and UHF 

frequencies, it is practically very difficult for radar waves at these frequencies to reach 

the orthogonality condition for radar backscatter detection. This is why historically 

most early radar studies of F-region irregularities have been confined to low and mid

latitudes where the requisite orthogonality condition can be easily achieved since the 

earth’s magnetic field there is nearly horizontal.

Ionospheric refraction, however, does become important at HF frequencies. Taking 

advantage of this, a new approach to coherent backscatter utilising radars operating at 

HF frequencies has been developed. At these lower frequencies ionospheric refraction 

allows the orthogonality condition to be satisfied in both the E- and F- region of the 

ionosphere as illustrated in figure 3.1. The nearly vertical magnetic field lines at high- 

latitudes lead to non-orthogonal scattering at VHF and higher frequencies with the 

scattered signals propagating into space. In contrast, the refraction which occurs at HF
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Figure 3.1 Schematic diagram showing that VHF and higher 
frequency radio waves can achieve orthogonality with 
the earth’s magnetic field lines in the E-region, whereas 
HF radar signals can satisfy the orthogonality condition 
in both the ionospheric E- and F- regions.



frequencies causes the radar signals to become orthogonal to the magnetic field lines. If 

there were ionospheric irregularities in these regions, they would backscatter the radar 

signals back to the radar site. In other words, radars operating at VHF or UHF 

frequencies are good for backscatter detection in the high-latitude E-region, whereas 

radars operating at HF frequencies are generally good for both the E- and F- regions.

3.5 COHERENT SCATTERING

The field-aligned ionospheric density irregularities discussed in section 3.3 are large 

enough in space for the scattered waves to be coherent in phase. The constructive 

interference of these scattered waves means that the final radar echoes are strong 

enough to be detectable by a relatively low powered ground-based radar system. This 

scattering is referred to as coherent scattering. Therefore, the geometry consideration is 

very important for coherent backscatter detection. All the modelling study to be 

discussed in later chapters of this thesis is wholly based on this model of coherent 

backscattering from field-aligned density irregularities. If off orthogonality, the radar 

signals are then mainly backscattered by the background thermal fluctuations, the 

lowest level fluctuations in plasma density. This scattering is known as incoherent 

scattering in contrast to coherent scattering. Incoherent scattering is not a subject for 

this thesis. The interested reader is therefore referred to International School on 

Atmospheric Radar (Fukao, 1989) and Introduction to Incoherent Scatter Measurements 

(Nygren, 1996).

3.6 BASIC CONCEPTS OF RADAR DETECTION

Radar is a very broad concept. It includes anything to do with radio ranging and 

detection. Detailed discussion on radar techniques can be found in Radio Techniques 

for Probing the Terrestrial Ionosphere (Hunsucker, 1991) and International School on 

Atmospheric Radar (Fukao, 1989). For the modelling study to be discussed in later 

chapters, some basic radar concepts are introduced below.
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3.6.1 Ray group path, phase pathf and Doppler velocity

It is well known that the speed of electromagnetic waves in free space is the same as the 

speed of light c. If we can ignore the small difference between the speed of 

electromagnetic waves in free space and that in the ionosphere, then the time of flight 

of a radar signal from the radar transmitting antenna to target multiplied by the speed of 

light gives a rough estimate of the distance of the target from the radar site. This 

‘distance’ is referred to as the group path, which is slightly longer than the geometrical 

ray path length. Because it is easy to calculate and convenient to use, the ray group path 

is widely used in radar engineering for measuring the ‘distance’ of radar target.

Besides the group path, another very important parameter widely used in radar 

techniques is the ray phase path, which gives an equivalent ray path in free space for the 

same amount of phase shift in the ionosphere. The rate of change of the phase path 

gives the Doppler shift, the dynamic information of the radar target. For our coherent 

backscatter detection of field-aligned density irregularities, the Doppler information 

gives the phase velocity of irregularities, equation (3.5). When using radar techniques 

to investigate a dynamic process of a distributed target such as the density fluctuations 

in the ionosphere, spectral width proves to be a parameter of interest. The spectral 

width is a parameter which measures another aspect of a dynamic process, random 

turbulence in the plasma motion. Both the Doppler shift and spectral width are used 

extensively in the interpretation of radar observations of small-scale ionospheric 

dynamics.

3.6.2 Range and range resolution o f a pulsed radar

In practice, the radar signals are normally modulated with a series of pulses and each 

pulse has a finite duration called pulse-width. If the time of flight for such a pulse from 

the radar to a stationary point target and then back to radar is t, the range (group path) 

of this point target from the radar is given by

r = -  (3.6)
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Because pulses are employed to modulate the radar signals, no matter how narrow they 

are, each pulse has a finite duration, say Ax, which can readily be interpreted in terms of 

range known as range resolution, given by

cAt
Ar = —— (3.7)

Range resolution is a radar parameter which gives the minimum distance in group path 

within which the pulsed radar can not distinguish between any two targets. Figure 3.2 

gives a schematic illustration, showing the basic idea of range, range resolution, and 

aliasing.

3.6.3 3D schematic view o f  radar received signals

Equation (3.6) gives an easy way of measuring the range of a stationary point target 

using a pulsed radar. When a train of pulsed signals is transmitted from a radar antenna 

and backscattered from a distributed target, the radar echoes can be best illustrated in a 

three-dimensional plot shown in figure 3,3, in which the vertical axis is the intensity of 

radar scatter, and the other two axes are time. One is the time of pulse transmission (t), 

the (discrete) time at which the pulse was transmitted, and the other is the delay time 

after the time of pulse transmission ( f ). This 3D plot gives a very clear schematic view 

of radar backscattered signals when an equal-interval pulse scheme is used to modulate 

the radar signals. Nowadays, this equal-interval pulse scheme is not popular in radar 

practice, a more complex pulse scheme such as a multi-pulse modulation is used in 

stead. However, even if a complementary multi-pulse transmission has been used, after 

filtering and decoding of radar received backscattered signals, we can still talk about 

identical pulses and use figure 3.3 to interpret the radar backscatter. The broken line in 

figure 3.3 shows how the intensity of radar scatter at a given range changes with time.
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3.7 SUMMARY

This chapter discusses a number of important concepts on coherent scattering of radar 

signals from field-aligned ionospheric irregularities. It is stressed that small-scale 

density irregularities in the ionosphere are field-aligned and the geometry consideration 

is important for the coherent detection of radar backscattered signals. It is pointed out 

that radars identify only one particular spatial wave component of the density structures 

instead of the whole spectrum. A brief discussion is also given on some basic radar 

concepts which will be used in later chapters.
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CHAPTER 4

J0NES3D AND ITS MODIFICATIONS

4.1 INTRODUCTION

The research work presented in this thesis is mainly concerned with a computer 

modelling study of HF coherent detection of field-aligned small-scale irregularities in 

the high-latitude ionosphere. The study relies heavily on computer modelling of the 

propagation of HF radio waves through various realistic high-latitude ionospheres. To 

do this, a powerful three-dimensional ray tracing computer programme, Jones3D (Jones 

and Stephenson, 1975), has been modified. The modified version is capable of 

computing not only the usual HF ray paths and relevant parameters through an 

ionosphere, but also the potential positions of field-aligned small-scale irregularities in 

the high-latitude ionosphere, which could be detectable by a ground-based HF coherent 

radar system. This chapter describes the ray tracing programme, and the modifications 

made to the programme.

4.2 RAY TRACING MODELLING

Ray tracing provides a method of calculating the ray paths and other relevant ray 

parameters step by step through a medium in the time-domain. The technique is wholly 

based on ray theory rather than the wave approach. Tracing rays through an ionosphere 

is in principle similar to those used in other branches of wave propagation, such as 

optics and atmospheric waves, except for the anisotropic nature of the ionosphere. The 

problems associated with tracing rays through anisotropic media have been extensively
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discussed by Booker (1949), Haselgrove (1955), Kelso (1964), Jones (1968), Jones and 

Stephenson (1975), and Budden (1985) and several useful ray tracing methods have 

been developed (e.g. Booker, 1949; Haselgrove, 1955). These methods require the so- 

called step-by-step integration of a set of simultaneous differential equations.

4.3 THE JONES3D PROGRAMME

The Jones3D programme is one of the most widely used ray tracing computer 

programmes for radio waves in the ionosphere. For example, it has been used to trace 

HF rays at high-latitudes using measured meridional electron density distributions 

(Villain, et al., 1984), to locate the SAFARI HF radar echoes (Villain, et a l, 1985), to 

simulate the effect of atmospheric gravity waves on the Goose Bay HF radar 

observations (Samson, et al., 1990), and to investigate OTH equatorial spread Doppler 

clutter problems (Anderson, et al., 1996). The Jones3D programme was developed by 

Jones (1968) and described by Jones and Stephenson (1975). It is a versatile three- 

dimensional ray tracing computer programme, solving a set of six simultaneous 

differential equations and capable of computing not only the ray paths through an 

ionosphere, but also a number of other useful ray parameters, such as group path, phase 

path, Doppler shift, absorption, and polarisation.

4.3.1 Main features

The main features of the Jones3D programme are summarised in table 4.1.

Table 4.1 Main features of Jones3D

coordinate systems • geographic

• computational

magnetic field models • constant dip and gyrofrequency

• constant dip with gyrofrequency 

proportional to 1/R3, R=RE + h, where 

Re is the earth radius and h the height 

above the surface
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• earth-centred dipole model

• spherical harmonic expansion

models of profile of electron density • TABLEX for tabulated electron 

density profile, which can be calculated 

from ionogram reduction or from

El SCAT measurement

• Chapman layer, with tilts, ripples and 

gradients

• Chapman layer with variable scale 

height

• two Chapman layers with tilts

• linear model

• plain or quasi parabolic

• bulge, analytical model of equatorial F2 

layer

• exponential model

models of perturbation in electron density • torus

• double torus

• trough, increase in electron density at 

any latitude

• increase in electron density produced 

by shock wave

• gravity wave perturbation

• gravity wave type 2

• spherically symmetric cloud (added at 

Leicester Ionospheric Physics Group)

• TID ~ horizontally stratified 

ionosphere (added at Leicester)

• Gaussian density perturbation

models of collision frequency • TABLEZ for tabulated profile of 

collision frequency

• constant collision
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• exponential profile

• combination of two exponentials

numerical scheme time-domain 4th order Runge- 

Kutta/Adams-Moulton approach with 

variable step-length

4.3.2 Discussion

The Jones3D programme uses two coordinate systems, the geographic and 

computational. The geographic coordinate system is used only for the initial model 

inputs and the computational coordinate system is used for the ray tracing computation.

In Jones3D, there are a number of built-in magnetic field models available for different 

purposes of ray tracing modelling (see table 4.1). When the earth-centred magnetic 

dipole field is used, the computational coordinate system is eventually the same as the 

magnetic coordinate system.

Generally, to trace rays through an ionosphere, the most important thing to specify is 

the vertical distribution of electron density in the ionosphere. Jones3D provides a 

number of analytic and numerical models to simulate different ionospheric situations. 

For example, to investigate the propagation of radio waves under realistic ionospheric 

conditions, TABLEX is the best choice.

It is possible to trace rays through an ionosphere using Jones3D when some ionospheric 

perturbation exists. A variety of electron density perturbation models are available 

within Jones3D to assist the investigation of the effect of ionospheric perturbations on 

radio wave propagation. Thus, one can trace rays using Jones3D through a normal 

ionosphere either with or without one of the built-in ionospheric perturbation models. 

This mechanism offers a great flexibility to tackle various ionospheric situations.
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There are also several models of electron collision frequency to choose from within 

Jones3D if the collision effect is taken into account in the computation of the radio 

refractive index (see table 4.1).

In Jones3D, a set of six simultaneous differential equations is integrated step by step in 

the time-domain by a numerical scheme known as the 4th order Runge-Kutta/Adams- 

Moulton approach. The integration step-length is variable and self-adjusted by a built- 

in accuracy-checking mechanism. In every two successive integration steps, if the result 

is found to be too accurate, Jones3D doubles its integration step-length and recomputes 

that integration; if the result is poorer than a predefined error tolerance, then Jones3D 

halves the step-length and repeats the integration.

4.4 MODIFICATIONS TO JONES3D

As mentioned above, the research work presented in this thesis relies heavily on the 

modelling of HF propagation through various high-latitude ionospheres. Some 

problems in the Jones3D code were identified and solved whilst modifications to the 

code were also made to suit the purpose of this research work.

4.4.1 Fitting the model input profile o f electron density

The Jones3D programme is able to use either an analytic (such as Chapman layer, 

parabolic layer, etc.) or a numerical ionospheric model (such as that calculated from 

ionograms or EISCAT measurements) to trace rays through an ionosphere. When a 

numerical ionosphere is used, Jones3D fits a vertical curve to the (numerical) discrete 

data points and extrapolates both upwards and downwards in altitude to get a complete 

profile. The extrapolated top-side ionosphere is the same in electron density as the top 

of the input numerical ionosphere. The bottom-side profile is computed exponentially 

downwards to the surface of the earth using the lowest two data points of the numerical 

ionosphere.
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During the course of the modelling, it was found that the built-in scheme of data fitting 

and extrapolation in TABLEX is not good enough. Occasionally, the scheme causes 

enormous difficulty and no rays can be launched at all. The main reason is that the 

vertical curve fitting and extrapolation scheme in TABLEX extrapolates the bottom- 

side profile of electron density exponentially downwards to the surface of the earth 

using the lowest two data points of the input numerical ionosphere. These two data 

points are, therefore, vitally important in determining the gradient of the downward 

exponential extrapolation. Using this curve fitting and extrapolation scheme in 

TABLEX, there could be four possibilities.

(1) When the lowest data point of an input numerical profile is much smaller 

than the second lowest point in electron density, the downward exponential 

extrapolation works well. It gives a reasonable bottom-side profile of 

electron density down to the surface of the earth.

(2) If the lowest data point is not very much smaller than the second lowest 

point in electron density, then the extrapolated profile of electron density 

below 60 km altitude could still be significant. For example, the electron 

density at 60 km altitude could be only one order less than that of the lowest 

point. This situation happens very often.

(3) If the lowest data point is of more or less the same value as the second 

lowest point in electron density, then the extrapolated electron density on the 

ground would be more or less of the same value as the lowest data point of 

the input numerical ionosphere.

(4) If the lowest data point is greater than the second lowest data point in 

electron density, the extrapolated bottom-side profile of electron density 

increases with decreasing height. This situation results in no rays being 

launched at all, as they are reflected back to ground when they are launched. 

This point will be further discussed in chapter 7 where the EISCAT CPI 

data measured in Tromso (Norway) are used for the model inputs of realistic 

ionospheric conditions.
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In resolving the above difficulty of fitting an input numerical ionosphere, it has been 

noticed that adding an extra data point of zero electron density at 60 km altitude will 

result in a somewhat oscillating bottom-side profile with a few points of negative 

electron density. This proves not to be a good way to solve the problem.

A good way of tackling the problem is to use a Gaussian-like function instead of 

exponential. The advantage of using a Gaussian function is based on the fundamental 

difference between Gaussian and exponential. First of all, a Gaussian is everywhere 

differentiable, which makes the final fitted profile of electron density (to Jones3D) 

numerically better than that fitted by an exponential scheme. Secondly, compared to an 

exponential, a Gaussian decreases more slowly at the beginning and much faster at the 

end. Furthermore, the width of a Gaussian function is controllable. It is, therefore, 

possible to extrapolate the bottom-side profile of electron density with the lowest two 

data points.

Using a Gaussian-like function, the bottom-side profile of electron density is now given

where (Np, Hp) is the peak of this Gaussian-like function, with N for electron density 

and H for height. Assuming the lowest and second lowest data points of an input 

numerical ionosphere are (Nb and (N2, H2), respectively, two cases should be 

considered, one is Nj less than N2 and the other is Nj greater than or equal to N2.

For N,<N2, both (N,, Hj) and (N2, H2) are used to compute the bottom-side profile of 

electron density, which is given by

by

N  = N pe (4.1)

N  = N 2e H < H (4.2)
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where a  =

H - )N /

Thus, above the height of the lowest data point, (Nb Hj), the fitted numerical profile of 

electron density is used. Below this height, the bottom-side profile is computed using 

equation (4.2).

When Nj>N2, in order to keep the first order derivative of the computed profile of 

electron density continuous, we add one extra data point (N0, H0) at 60 km altitude and 

still use two data points, (Nb H j)  and (N0, H 0), to compute the bottom-side profile of 

electron density, assuming that (Nb H j)  is at the peak of this downward Gaussian 

profile. It is well known in ionospheric physics that N0 should be very small at 60 km 

altitude. Here, N0 is set to 100 cm'3. Thus,

(H-Ht  )2

N  = N le °2 , H  <  H j (4 .3 )

where a  = (#i H o )  ? N0 = 100 (n/cm3), H0= 60 (km)
h n±)N..

An example of the comparison between the exponential and Gaussian extrapolation is 

illustrated in figure 4.1, in which the top panel shows an input numerical ionosphere, 

based upon CPI data from the EISCAT UHF experiment in Tromso. The middle panel 

gives the fitted ionosphere with the bottom-side profile extrapolated by the exponential 

scheme. The bottom panel shows the fitted ionosphere with the bottom-side profile 

extrapolated by the Gaussian-like function (4.1). It is seen that, although the input CPI 

data has a very well shaped bottom-side profile of electron density (top panel), the 

exponentially extrapolated electron density on the ground is still unrealistically too 

large (middle panel). This result implies that the exponential extrapolation scheme in 

TABLEX is not good for ray tracing modelling using realistic ionospheric data, unless 

the extrapolation of the bottom-side profile is improved. In contrast to the exponential 

scheme, the Gaussian extrapolation gives a very reasonable bottom-side profile of 

electron density, which decreases smoothly downwards to 60 km altitude. The electron
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density below 60 km is very small and can be taken as zero. This is what is expected in 

ionospheric physics.

A similar extrapolation problem exists with the numerical model of electron collision 

frequency, TABLEZ, and should be tackled in exactly the same way as that discussed 

above for the electron density extrapolation for TABLEX.

4.4.2 Orthogonal detection o f density irregularities

According to plasma physics, small-scale density irregularities in the ionosphere are 

generated and sustained by plasma instabilities in the E- and F- regions, and are in 

general elongated along the earth’s magnetic field lines (see chapter 3). In other words, 

their spatial wave vectors should be very close to perpendicular to the earth’s magnetic 

field B. Thus, for wave-wave scattering, as discussed in chapter 3 (coherent scattering 

and geometry consideration), a ground-based coherent scatter radar can only receive 

backscattered signals from those regions where orthogonalities are achieved between 

the radar probing wave vector k and the local geomagnetic field B. For convenience the 

term ‘orthogonal detection’ is used for coherent backscatter detection. In our ray tracing 

modelling, the criterion used for the ray orthogonal detection of field-aligned 

irregularities is that when the angle of ray wave vector k to the local geomagnetic field 

B is within one degree of perpendicularity, i.e. within 89 to 91 degrees, orthogonality is 

assumed.

When plotting, small vertical bars are used to indicate where orthogonalities are 

achieved between the ray wave vectors and the local geomagnetic field lines.

Theoretically, if the density fluctuation level in an ionospheric region is high enough 

and equation (3.2) is also satisfied, irregularities in this region are generally detectable 

by ground-based coherent backscatter radar systems. The ray orthogonal detection 

discussed above gives the ray tracing prediction of all possible locations from where 

backscattered radar signals might be received. In this sense, the ray orthogonal
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detection can be used to simulate the coherent radar backscatter detection of field- 

aligned small-scale irregularities in the ionosphere.

4.4.3 Penetration o f  the F2 peak

The Jones3D programme was originally written for a ground-based HF radio 

communication system with both transmitter and receiver located on the ground. Thus, 

when the ionospheric F2 peak is penetrated, Jones3D either stops tracing the ray any 

further or switches to trace another ray at the next elevation/azimuth angle. This is 

clearly illustrated in figure 4.2, in which small vertical bars are used to indicate 

orthogonalities with the earth’s magnetic field lines. Once the peak is penetrated, either 

as shown in the top panel Jones3D stops tracing the ray any further or as seen in the 

middle panel the programme switches to trace another ray at the next elevation/azimuth 

angle. However, it is known that field-aligned small-scale density irregularities can be 

generated and sustained above the F2 peak. Therefore, in order to simulate HF radar 

coherent detection of these density irregularities, the Jones3D programme has been 

modified in such a way that it is able to trace the rays up to any user specified height of 

interest. An example produced by the modified version of Jones3D is shown in the 

bottom panel of figure 4.2. It demonstrates that orthogonalities above the F2 peak are 

computed by the modified version of Jones3D.

4.4.4 Upper and lower height limits fo r  the computation o f orthogonalities

Both theoretical studies and radar observations show that field-aligned small-scale 

irregularities in the ionosphere are mainly confined in the ionospheric E- and F- regions 

(Kelley and Heelis, 1989; Greenwald et a l, 1995). Lower and upper height limits are 

therefore introduced for the computation of orthogonalities. Although rays are traced 

from the radar transmitter height up to the upper height limit, orthogonalities are only 

computed and plotted between the lower and upper height limits (see figure 4.2). In the 

modelling study to be discussed in chapters 6 and 7, the lower and upper height limits 

are set to 90 and 500 km altitude, respectively.
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4.4.5 Coordinate system conversion

As discussed in 4.3, two coordinate systems are used in Jones3D, the geographic and 

computational. The geographic coordinate system is used only for the model initial 

inputs and the computational coordinate system is used for ray tracing computation. A 

small conversion routine is added to convert the computed ray tracing results back to 

the geographic coordinate system.

4.5 SUMMARY

The main features of the Jones3D programme are summarised. Detailed discussion of 

the modifications made to the programme is given, in particular the problems with 

TABLEX, TABLEZ, and the penetration of the F2 peak. The idea of ray orthogonal 

detection is discussed and a criterion for the ray orthogonal condition with the earth’s 

magnetic field lines is given. Lower and upper height limits are introduced for the 

computation of ray orthogonalities.
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CHAPTER 5

HF RADAR MODELLING

5.1 INTRODUCTION

A general discussion was given in chapter 4 of the Jones3D programme and the 

modifications made to the programme to undertake the research presented in this thesis. 

This chapter discusses HF radar modelling using the modified version of Jones3D. All 

discussions in this chapter are based on two ground-based HF radar systems, the Hailey 

HF radar in Antarctica and the CUTLASS HF radar in Finland. Discussions are given 

of the specifications of ray tracing modelling, the preparation of realistic ionospheric 

conditions, and different modes of radar modelling used in this study.

5.2 MODELLING SPECIFICATIONS OF JONES3D

The versatility of the Jones3D ray tracing programme provides a number of options to 

serve different purposes of ray tracing modelling (see chapter 4). The modelling 

specifications of the programme for this research are first listed and then discussed 

below.

5.2.1 Modelling specifications

The specifications are:

(1) Only O-mode rays are traced.

(2) The earth-centred dipole model is used for the earth’s magnetic field.
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(3) The profiles of electron density are either computed directly from ionogram data 

(for the Hailey HF radar in Antarctica) or based upon the CPI data from EISCAT 

UHF experiment in Tromso (for the CUTLASS HF radar in Finland).

(4) No ionospheric perturbations and no tilts are considered.

(5) A combination of two exponentials is used for the profile of electron collision 

frequency.

(6) Radio refractive index is computed using the Appleton-Hartree formula with the 

magnetic field and electron-neutral collisions.

(7) The ray orthogonal condition: when the angle of ray wave vector k to the local 

geomagnetic field B is within one degree of perpendicularity, i.e. within 89 to 91 

degrees, orthogonality is assumed.

(8) For both physics and computational purposes, ray orthogonalities with the earth’s 

magnetic field lines are only computed and plotted between the user specified 

lower and upper height limits (see chapter 4). In the modelling study to be 

discussed in chapters 6 and 7, the lower and upper height limits are set to 90 and 

500 km altitude, respectively.

5.2.2 Discussion

When using the Jones3D programme to trace rays through an ionosphere, it is optional 

to trace either O-mode rays or X-mode rays. Here, we choose O-mode rays based on the 

fact that the ionospheric absorption of the extraordinary waves is generally greater than 

that of the ordinary waves. This phenomenon can be seen from conventional ionogram 

data, which usually show much greater absorption of the X-mode traces than the O- 

mode traces.

As discussed in chapter 4, the Jones3D programme uses two coordinate systems, the 

geographic and computational. If the earth-centred dipole model is used for the earth’s 

magnetic fields, the computational coordinate system becomes the same as the 

magnetic coordinate system. It is advantageous to use this earth-centred magnetic 

dipole model to investigate events which are organised by the earth’s magnetic fields.

43



The aim of this research is to investigate HF coherent detection of field-aligned small- 

scale irregularities of the high-latitude ionosphere. To compare with radar observations, 

it is ideal to trace rays through realistic ionospheres. The realistic profiles of electron 

density used in the modelling study are either computed directly from ground-based 

dynasonde data, or based upon EISCAT CPI data. These will be discussed in later 

sections.

The angle between radar wave vector k and the direction perpendicular to the earth’s 

magnetic field B is termed the aspect angle. The aspect sensitivity was one of the first 

and most important features of auroral radar backscatter to be described (Chapman, 

1953). Normally, radar echoes of small aspect angle are expected. This is not only 

predicted by theory, but also confirmed by VHF radar observations (Haldoupis, 1989). 

However, radar echoes of large off-orthogonal angle were reported and studied 

(Leadabrand, et al., 1967; McDiarmid, 1972; Moorcroft, 1985). Radar echoes of large 

off-orthogonal angle are explained to be caused by tilted layers (Moorcroft, 1989; 

McDiarmid, 1990), or wave trapping by curved electron density layers (Uspensky, et 

al., 1994). In this research, no ionospheric perturbations and no tilts are considered. Ray 

orthogonality is computed when the aspect angle is within one degree of 

perpendicularity (89° -91°).

5.3 ELECTRON DENSITY PROFILE (1) -  HALLEY HF RADAR

To trace HF rays through an ionosphere, the most important piece of information 

needed is the vertical profile of electron density of the ionosphere. For the Hailey HF 

radar in Antarctica, the realistic ionospheric profiles of electron density above the radar 

site are computed directly from Hailey AIS dynasonde data by the Polynomial Analysis 

Program (POLAN) (Titheridge, 1985).

5.3.1 A IS  dynasonde

The conventional equipment for measuring the virtual height of the ionosphere is a 

sweep-frequency pulsed radar device called an ionosonde. The basic standard
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ionosonde utilises the amplitude of the returned pulse to estimate delay time and does 

not measure quantitatively the other characteristics of the returned radio frequency 

pulse, i.e. the exact frequency, phase, polarisation, and the direction of angle of arrival. 

The early history of ionosondes and their roles in radio science has been reviewed by 

Villard (1976). The AIS (Advanced Ionospheric Sounder) or dynasonde is a new 

generation of pulse-amplitude computer-based HF radar system. By using a suitable 

antenna system, it is capable of measuring the echo amplitude, Doppler shift of 

irregularities, location of echoes, polarisation of echoes, and has the ability to suppress 

noise and interference (Grubb, 1979; Wright and Pitteway, 1982). The operation of 

dynasondes can be grouped into three modes: the ionogram (I) mode, the kinesonde (K) 

mode, and the basic or intermediate (B) mode (Davies, 1990). In the modelling study of 

the Hailey HF radar (to be discussed in chapter 6), the ionogram (I) mode data are used. 

The programme used to invert the equivalent vertical profiles of electron density from 

ionogram data is discussed in the next section.

5.3.2 Polynomial Analysis Program — POLAN

To compute the vertical distributions of ionospheric electron density from ground- 

based ionosonde data, there are a number of numerical techniques available for this 

kind of inversion with the influences of the earth’s magnetic field and collisions being 

considered. Among them, the most comprehensive is the Polynomial Analysis 

Program, POLAN, developed by Titheridge (1967, 1985).

POLAN is designed for maximum accuracy and reliability and is capable of using both 

ordinary and extraordinary data points to make possible the estimation of the size of a 

valley between two ionospheric layers. For general purpose or routine usage, users are 

not expected to fine tune most of the predefined program parameters, i.e. POLAN can 

be used as a black-box and the output results are generally good. In this modelling 

study, however, it has been noticed that some care should always be exercised when 

interpreting and sampling ionogram data. Some corrections may be needed in order to 

obtain the best estimation of POLAN inverted profiles of electron density.
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5.3.3 Interpretation and sampling o f A IS  dynasonde data

Some general rules have been set out for the interpretation and sampling of 

conventional ionogram data (Piggott, et al., 1972; Piggott, 1975). However, great care 

should always be exercised. This is particularly true for the high latitude ionosphere, as 

it is quite common for some type of disturbance to be present, e.g. spread F, (auroral) 

sporadic E, substorm effects, and gravity wave events. Besides, at high latitudes, 

sometimes there could be tilt or trough effects present in ionogram data. The presence 

of these disturbances could make the interpretation of ionogram data more difficult and 

challenging than expected. A list of basic rules adopted in this modelling study in 

interpreting and sampling of the AIS ionogram data is given below.

(1) When possible, overhead ionogram data points should be used, e.g. those data 

points whose angles of arrival are less than 16 degrees from zenith (F. Sedgemore, 

private communication, 1994). This is generally good for the sampling of F-region 

traces, but a bit difficult for E-region data points where there is a problem caused 

by interference aliasing, which arises from the mutual coupling between individual 

antennas, a common problem for all direction finding radio systems. Usually, when 

the frequency is below 1.5 MHz, the angle of arrival parameter should not be used. 

Only use the parameter range of time of flight.

(2) Always make use of those data points with large echo amplitudes.

(3) When possible, use the second hop trace to help locate the true first hop trace.

(4) Neighbouring plots should be used to check and locate sporadic E, which should 

not be sampled when using POLAN to invert the real height profile of electron 

density.

(5) Checking and smoothing by eye is more important than holding strictly to 

measured ionogram data points, especially when there are missing data points, or 

wave events present in an ionogram. In other words, smoothing by eye is generally 

better than POLAN’s interpolation work.
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5.3.4 The ionosphere above Hailey

The location of the Hailey AIS dynasonde is near the Hailey HF radar site, which is in 

the subauroral region, where the ionosphere can be affected by a number of ionospheric 

processes such as particle precipitation and ionospheric plasma convection. It is quite 

common for some type of ionospheric disturbance to be present in the Hailey 

dynasonde data. Three examples, shown in figures 5.1, 5.2, and 5.3, illustrate the 

Hailey AIS ionogram data for 8 December 1988 and demonstrate how to sample 

ionogram data with various small ionospheric disturbances present. Figure 5.1 shows 

the ionogram data at 05:00:00 UT. The top panel displays the whole ionogram data, 

both the O-mode and X-mode traces. The middle and bottom panels are the O- and X- 

mode data, respectively. The figure shows that both the O- and X- mode F-region traces 

are quite spread. The sampled data points are shown by the large dots in the middle and 

bottom panels. Figure 5.2 shows the ionogram data at 06:00:00 UT, with an Es trace 

underneath the E trace. Similar to figure 5.1, the top panel of figure 5.2 is for the whole 

ionogram data. The middle and bottom panels are for the O- and X- mode data, 

respectively. The sampled data points are again plotted in large dots. It is shown in the 

middle panel of figure 5.2 that the Es trace is not sampled, as is required when using 

POLAN. The Hailey ionogram data for 07:45:08 UT are shown in figure 5.3, with a 

visible distortion on the FI trace (evidence for gravity waves). The sampled data points 

in the middle panel are smoothed by eye and do not exactly follow the distorted FI 

trace. The reason of smoothing the ionogram data by eye is to help POLAN to get the 

best fit of the sampled ionogram data points.

5.3.5 Sensitivity to POLAN starting point

Having sampled the Hailey AIS dynasonde data, we can now compute the real height 

profiles of electron density using POLAN. It is noticed that the POLAN computed 

profiles of electron density are sometimes quite sensitive to the first few sampled data 

points of the ionogram E trace. An example of this sensitivity is illustrated in figure 5.4, 

which shows how important are the first few sampled data points of the E trace at 

06:30:08 UT. The solid curve is the POLAN computed profile of electron density with
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all sampled data points. The other three curves are POLAN computed profiles with the 

first one, three, and four sampled data points missed out. Figure 5.4 shows that the 

difference in both electron density and height could sometimes be significant with just 

the first one or two sampled (E-region trace) data points missed out. This sensitivity can 

have serious implications, especially when absorption causes the first few ionogram 

data points to be not observable or when the normal E trace is overlapped by sporadic 

E. In the latter case, the Es trace should not be sampled when using POLAN to compute 

the real height profiles of electron density.

5.3.6 PIM  correction o f the POLAN starting point

The above sensitivity problem is caused by the way POLAN calculates its ‘starting 

point’. For some practical reasons, ionogram data do not provide measurements below a 

certain minimum frequency, and hence there is an ‘unobserved’ section of the electron 

density profile below a certain height, the underlying ionisation. By default, POLAN 

uses the first three sampled (E-region trace) data points to extrapolate a starting point 

and makes use of both O-mode and X-mode measurements at low frequencies to 

estimate the unobserved underlying ionisation. Different sampled data points may result 

in different underlying ionisations, and therefore result in different profiles of electron 

density.

This difficulty can be resolved by specifying a reasonable starting point for the 

underlying ionisation. The user specified starting point is then used by POLAN to 

invert the real height profile of electron density from ionogram data. In the work 

described in this thesis, the Parameterised Ionospheric Model (PIM) is used to predict a 

reasonably good E-region starting point for various ionospheric conditions. Figure 5.5 

gives the POLAN inverted vertical profiles of electron density using the same ionogram 

data as figure 5.4, but now using the PIM prediction of the POLAN starting point. This 

figure shows that the profiles of electron density with PIM corrections are more stable 

and consistent, especially at the E-region height. This proves to be a good way of 

getting the best possible POLAN computed profiles of electron density. Therefore, in
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this research, all of the POLAN profiles of electron density are computed with the PIM 

corrections of the POLAN starting point.

5.4 ELECTRON DENSITY PROFILE (2) -  CUTLASS FINLAND RADAR

For the Cooperative UK Twin Located Auroral Sounding System (CUTLASS) HF 

radar in Finland, the model inputs of realistic ionospheric conditions are provided by 

the El SCAT CPI data measured at Tromso (Norway). The CPI experiment measures 

the profiles of electron density along the geomagnetic field line, which is -13° from 

vertical. Furthermore, the EISCAT radar at Tromso is in the CUTLASS radar field of 

view.

The CPI profiles of electron density used in the modelling study to be discussed in 

chapter 7 consist of two parts, the alternating code data (below 142 km) and the long 

pulse data (above 142 km). The alternating code data have a very fine 3 km height 

resolution, whereas for the long pulse data the height resolution is 22 km. It is noticed 

that there is a non-trivial discrepancy in electron density between the two experiments. 

There is no good explanation available at the moment for the discrepancy between the 

two experiments. The possible effect of this discrepancy in electron density on the ray 

paths will be discussed in chapter 7.

Because in the subauroral region, the CPI data measured at Tromso may sometimes 

display a reasonably large auroral E, which may have strong effect on the ray paths in 

regions of particle precipitation. This large auroral E makes the Gaussian extrapolation 

scheme of TABLEX essential to HF radar modelling (see chapter 4).

5.5 DIFFERENT MODES OF HF RADAR MODELLING

Both the Hailey and the CUTLASS Finland HF radars have 16 beams numbered from 

beam 0 to beam 15 and operate in beam-scan mode. In this mode, the radar transmits 

and detects successively beam by beam from beam 0 to beam 15. For each beam, the 

radar measures and samples backscatter in terms of range-bins starting from a
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predefined first range gate. In the modelling work, two different modes of radar 

modelling are performed, the B-mode and beam-scan mode. These are now discussed 

below.

5.5.7 B-mode ray tracing modelling

In the B-mode, all 16 radar beams are simulated into one big rectangular beam, whose 

overall radiation pattern is assumed to be flat. In modelling, the rays are traced stepping 

one degree per ray in both elevation and azimuth. The output results are (ionospheric) 

orthogonal ray points and ground ray points. Although ray tracing can not give dynamic 

parameters such as Doppler velocity and spectral width, which are used by radar to 

separate ionospheric echoes from ground backscatter, ray tracing modelling can provide 

another way of doing this. That is, ray tracing modelling can distinguish between those 

ray points for which orthogonal conditions are satisfied and those ray points which 

reach the ground.

The advantage of this modelling mode lies in its statistical meaning of the computation 

of orthogonal ray points and ground ray points. Statistically, the more orthogonal ray 

points (or ground ray points) that are computed in a range-cell, the better the chance for 

the radar to receive ionospheric (or ground) backscatter from the range-cell. Detailed B- 

mode modelling and comparison with radar observations will be given and discussed in 

chapter 6.

5.5.2 Beam-scan mode o f ray tracing modelling

As described above, both the Hailey and the CUTLASS HF radars operate in the beam- 

scan mode. This suggests that the best way of simulating the radar detection of 

ionospheric irregularities might be to trace all 16 radar beams individually one by one 

through the same ionosphere as the radar does in real operation. This way of simulation 

is referred to as the beam-scan mode of ray tracing modelling.
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In this mode, each radar beam is treated individually and equally. That is, for each of 

the 16 beams, the rays are traced stepping every one degree per ray in both elevation 

and azimuth, the same as in the B-mode modelling. The output results are again 

(ionospheric) orthogonal ray points and ground ray points. The difference between the 

B-mode and the beam-scan mode is due to their different ways of backscatter sampling. 

In the B-mode, it is assumed that, in a range-cell, the more orthogonal ray points (or 

ground ray points) that are computed, the better the chance for the radar to receive 

ionospheric (or ground) backscatter from the range-cell. In the beam-scan mode, 

however, the sampling of each of the ray tracing beams is exactly the same as in the 

radar operation, starting from the first range gate by range resolution. Within a range

cell, if one or more (E-region orthogonal, F-region orthogonal, or ground) ray points are 

sampled, then we say the radar has received (E-region, F-region, or ground) backscatter 

from this range-cell. Although this way of sampling of ray tracing results suppresses 

the statistical meaning of the computation of orthogonal ray points and ground ray 

points, it makes the range comparison easier between ray tracing results and radar scan 

data. The beam-scan mode is able to separate radar backscatter into E- and F-region 

scatter, whereas it is difficult for an HF radar to do so. Detailed modelling in the beam- 

scan mode and comparison with radar observations will be discussed in chapters 6 and 

7.

5.6 RADAR GROUND BACKSCATTER

The existence of radar ground backscatter is obvious from radar observations. Much 

work, both experimental and modelling, has already been done studying the HF radar 

ground backscatter. For example, the radio echo sounding of ice sheets has been studied 

by Robin et. al. (1969) and West and Dermarest (1987); the analyses of backscatter 

ionograms have been studied by Maliphant (1968) and Croft (1972); the seascatter 

problem has been discussed by Jones et al. (1986); the modelling study of HF radar 

ground backscatter has been addressed by Villain et al. (1984) using a realistic high- 

latitude ionosphere derived from measurements made with an incoherent scatter radar; 

and Samson et al (1990) have studied HF radar propagation through an ionosphere
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modulated by gravity waves. However, there is still no satisfactory theory established 

for the radar ground backscatter.

In practice, the radar criteria in use are mainly based on the radar measured parameters 

of Doppler velocity and spectral width. For both the Hailey and the CUTLASS HF 

radars, the ground backscatter is defined as radar scatter whose velocity and spectral 

width are both less than 50 m/s, while in ray tracing modelling the ray ground 

backscatter is defined as those ray points which have been reflected by the ionosphere 

and reached the ground.

5.7 SUMMARY

A detailed discussion is given of the preparation of model inputs of realistic ionospheric 

conditions. Different modes of HF radar modelling are discussed. The definitions of 

radar ground backscatter and ray tracing ground backscatter are also given. All 

discussions are based on two HF coherent backscatter radar systems, the Hailey HF 

radar in Antarctica and the CUTLASS HF radar in Finland. The contents of this chapter 

will be used in detailed discussions of HF radar modelling for the two radars, given in 

chapters 6 and 7.
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CHAPTER 6

THE HALLEY HF RADAR AND COMPUTER 

MODELLING

6.1 INTRODUCTION

It is well known that HF coherent backscatter radar is a powerful tool for sounding the 

F-region small-scale irregularities of the high-latitude ionosphere with the help of the 

ionospheric bending effect on the radio waves (Greenwald et al, 1995). Because of this 

ionospheric refraction, the exact path of the radar signal through the ionosphere is then 

unknown. In practice, it is important to determine how accurately the radar echo 

sources can be located given the echo parameters, such as group path, elevation angle 

and azimuth angle. This problem has been addressed by Villain et al. (1984), who 

modelled HF ray propagation in a realistic high-latitude ionosphere derived from 

measurements made with an incoherent scatter radar. Samson et al. (1990) have 

discussed ray paths of HF radar propagation through an ionosphere modulated by 

gravity waves.

HF radar observations also consist of direct backscatter from the ground. A further 

uncertainty arises due to the difficulty in separating true ground backscatter from 

ionospheric scatter which fulfils the radar criteria. A study of the early data from the 

Goose Bay radar has shown that the characteristics of ground backscatter are dependent 

on the power, i.e. weak ground scatter tends to have shorter decorrelation times (Baker 

et al., 1987). Bristow et al. (1995) have briefly discussed ray paths for ground
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backscatter from a horizontally uniform ionosphere and an ionosphere which is 

perturbed by a sinusoidal perturbation.

Therefore, studying the separation of radar ionospheric echoes from its ground 

backscatter is of practical importance in both radar operation and data interpretation. 

This chapter discusses ray tracing modelling of HF coherent detection of small-scale 

irregularities of the high-latitude ionosphere and its comparison to radar observations 

made by the Hailey HF radar in Antarctica. Emphasis is given to the separation of radar 

ionospheric backscatter from ground backscatter.

6.2 THE HALLEY HF RADAR

The Hailey HF radar in Antarctica ( -75.52N, -26.63E ) is a ground-based HF coherent 

backscatter radar system for the study of small-scale dynamics of the high-latitude 

ionosphere. The radar forms part of the Polar Anglo-American Conjugate Experiment 

(PACE). Two radars, one at Hailey and the other at Goose Bay, Labrador, view 

geomagnetically conjugate sectors of the high-latitude ionosphere. A general discussion 

of the experiment has been given by Baker et al. (1989a, b). The Hailey radar is similar 

to that at Goose Bay which was deployed in 1983 by the Johns Hopkins University, 

Applied Physics Laboratory (APL) and has been described by Greenwald et al. (1985).

6.2.1 Radar basic operational parameters

Table 6.1 gives a list of radar basic operational parameters (courtesy of M. Pinnock, 

private communication 1994).

Table 6.1 the radar basic operational parameters

location: Antarctica ( -75.52N, -26.63E )

antenna mast: 6 meters above the ice, or

150 meters above the ground

total number of beams: 16 beams, numbered from 0 to 15

beam width: 2.5° at 20 MHz and 6° at 8 MHz
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angular separation: 3.24° (between two adjacent beams)

central azimuth: 165° from north

total azimuth sweep: 16x 3.24( 139.08- 190.92)

working frequency: 12- 16 MHz

peak elevation angle: -38°

total elevation angle: 36°?

integration time: 6 seconds per beam, 

96 seconds per scan

total range bins: 75

first range: 135 km

range resolutions: Hailey radar can use 15, 30, 45 km

Note that the radar frequency and range resolution used in the work described here are

12.1 MHz and 45 km, respectively.

6.2.2 Radar ground backscatter

For the Hailey HF radar, ground backscatter is defined as radar backscatter whose 

velocity and spectral width are both less than 50 m/s. The existence of radar ground 

backscatter at Hailey is perhaps unexpected, as most of Antarctica is covered with very 

thick ice/snow. However, from the radar observations, ground backscatter is seen by the 

radar. The thickness of ice/snow on the central plateau is typically of around 2,000 to 

3,500 metres (Leonard, 1991). Theoretically, for this sort of thick ice/snow, one would 

expect a severe attenuation of radar signals rather than big ground backscatter. 

Although much work has already been done studying the radio echo sounding of ice 

sheets (Robin et al 1969; West and Demarest, 1987), there is still no satisfactory theory 

established for radar ground backscatter. It will be shown in this chapter that part of the 

radar ground backscatter might be produced by irregularities from somewhere within 

the ice and part could be misinterpreted ionospheric backscatter.

55



6.3 RAY TRACING COMPUTER MODELLING

Using an HF coherent backscatter radar system to study small-scale dynamics of the 

high-latitude ionosphere, it is very important to locate the radar echo source and to 

separate the radar ionospheric echoes from ground backscatter. In practice, radars use 

the measured range (group path) information to locate the radar echo source, and use 

the measured Doppler velocity and spectral width to separate radar ionospheric echoes 

from ground scatter.

Here, we use ray tracing technique to investigate this problem under realistic 

ionospheric conditions. Ionospheric backscatter is computed when the ray orthogonal 

condition is satisfied between the ray wave vectors and the earth’s magnetic field lines, 

whereas ground backscatter is computed when the rays are reached the ground after 

being reflected by the ionosphere (see chapters 4 and 5). Using modelling prediction of 

HF ionospheric and ground backscatter, it helps to study the physics of wave-wave 

scattering as well as the radar criteria used in separating the radar ionospheric 

backscatter from ground backscatter.

6.4 B-MODE RAYING TRACING MODELLING

In this case study, the B-mode ray tracing modelling simulates all 16 beams of the 

Hailey HF radar as one big rectangular beam, whose central azimuth angle is 165° from 

the north (139.08° - 190.92°), and the peak elevation angle is 38°. The overall radiation 

pattern of this one-big-rectangular beam is assumed to be flat.

6.4.1 B-mode modelling and comparison to radar observations

Figures 6.1 and 6.2 illustrate the ray paths predicted for the Hailey HF radar at 06:30 

UT on 8 December 1988. In figure 6.1 a vertical projection of the ray paths is given, 

whilst in figure 6.2 the projection of the ray paths is onto the ground. In both plots, 

small vertical bars are used to indicate where the ray orthogonalities are computed. For 

the purpose of illustration, in figure 6.1, the rays are traced through at a fixed azimuth
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angle of 165 degrees from the north and in figure 6.2 at a fixed elevation angle of 38 

degrees.

A comparison of the B-mode ray tracing modelling with the radar observations is given 

in figure 6.3. The top three panels give one radar scan data for 06:30:42 UT on 8 

December 1988 at 12.1 MHz. The bottom three panels are the B-mode modelling 

results. All plots are arranged in the same geographic coordinate system. For the top 

three panels, the left panel is colour-scaled in radar backscatter power dB, the central 

panel colour-scaled in regions with the ionospheric backscatter in green and ground 

backscatter in red, and the right panel colour-scaled in group path. The bottom left 

panel displays the altitude of ray orthogonal points and ground points in km. The 

bottom central panel identifies the ray orthogonal points from the ray ground points, 

with the F-region ray points in green, the E-region ray points in blue and the ground ray 

points in red. The bottom right panel is colour-scaled in group path. From the two right- 

hand panels of group path, it is seen that the radar received backscatter and the B-mode 

ray tracing results agree quite well in group path. This implies that the physics of the 

modelling is generally correct. The comparison of the two central panels is not good. 

This is because two different methods are used to separate the radar ionospheric echoes 

from ground backscatter. The radar uses the measured Doppler velocity and spectral 

width, whereas ray tracing modelling uses the heights of orthogonal ray points. No 

conclusion can be drawn without further analysis and comparison. And these will be 

discussed in the next section.

6.4.2 Range-bin statistical analysis

To investigate the above comparison in more detail, further analysis is necessary. One 

approach is to investigate the range bins of radar scatter. This is termed the range-bin 

analysis. This range-bin analysis is based on a suggestion that the range (group path) is 

one of the four radar measured parameters and should be as important as the other three 

parameters and be able to provide useful information on backscatter identification. The 

other three radar measured parameters are the Doppler velocity, spectral width, and 

backscatter power.
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The radar data in the top panel of figure 6.4 are backscatter from all 16 beams from 

05:04:00 to 05:58:55 UT on 8 December 1988. The ordinate of the top panel is the 

measured lag0_power and the abscissa is the range (group path) in km. The parameter 

lag0_power has no physical meaning here, but is used to demonstrate radar data as a 

function of range. A simple scenario for these data is that at ranges less than -500 km 

the data should be E-region backscatter, at ranges between 500 to 1,200 km the data are 

F-region backscatter, and at ranges greater than 1,200 km the data are essentially 

ground backscatter. A histogram of the same radar data is given in the middle panel of 

figure 6.4. The main peak is roughly within ranges from 500 to 1,200 km. The bottom 

panel is a range-bin plot of ray tracing results at 05:00:00, 05:15:00, 05:30:00 and 

05:45:00 UT, in which the solid line is for F-region orthogonal ray points, dash line for 

E-region orthogonal ray points, and dash-dot line for ground ray points. In comparison 

with the histogram of radar data as a function of range (middle panel), the ray tracing 

results (bottom panel) appear in excellent agreement. The simple and idealised 

approximations used in this ray tracing modelling, such as the earth-centred dipole 

magnetic field model and horizontally stratified overhead ionosphere, serve the 

modelling purpose very well.

Figure 6.5 gives another comparison of the Hailey radar data (from 06:01:00 UT to 

06:59:55 UT) and four runs of ray tracing modelling (at 06:00:00, 06:15:00, 06:30:00, 

and 06:45:00 UT). Again, the figure shows that the general agreement is very good 

between the ray tracing results and the radar data.

The above two comparisons demonstrate that the B-mode modelling simulates the radar 

observations very well, and confirm that the radar backscatter in figures 6.4 and 6.5 

between ranges 500 and 1,100 km is largely ionospheric instead of ground backscatter. 

The implication of the above two comparisons is that the range parameter can, to some 

extent, play an important part in separating radar ionospheric backscatter from ground 

backscatter. The ray results in the bottom panels of figures 6.4 and 6.5 demonstrate that 

sometimes there is some overlap between ionospheric backscatter and ground 

backscatter (figure 6.5) and sometimes no overlap at all (figure 6.4).
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It is also seen in the above two comparisons that the agreement between the E-region 

radar observations and ray tracing results is not so good. This problem might be caused 

by a number of factors. First of all, the ray tracing may be affected by the POLAN 

computed E-region profiles of electron density, due to fewer data points in the E-region 

trace of ionogram data. Secondly, the assumptions of the lowest elevation angle of the 

radar beams and of the earth-centred dipole magnetic field model may cause the E- 

region ray tracing results to be less reliable. The F-region sharp overshoot in the bottom 

panel of figure 6.5 may result from using only four runs of ray tracing. More runs may 

improve the comparison, but this is subject to the availability of ionogram data.

6.5 BEAM-SCAN MODE OF RAY TRACING MODELLING

Because of the beam-scan mode operation of the Hailey HF radar, intuitively, it may be 

more appropriate to simulate the radar 16 beams individually one by one through the 

same ionosphere as the radar does in real operation. This is the beam-scan mode of ray 

tracing modelling (see chapter 5).

6.5,1 Ray tracing/radar beam parameters

A list of azimuthal spread of all sixteen beams from beam 0 to beam 15 of the Hailey 

HF radar in Antarctica is given in table 6.2 (Mike Pinnock, private communication 

1994).

Table 6.2 Beam parameters of the Hailey HF radar, Antarctica

Beam No Beam Central Position Beam Spread

0 189.3 (187.3 - 191.3)

1 186.06 (184.1 - 188.1)

2 182.82 (180.8 - 184.8)

3 179.58 (177.6-181.6)

4 176.34 (174.3 - 178.3)

5 173.1 (171.1 - 175.1)
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6 169.86 (167.9-171.9)

7 166.62 (164.6- 168.6)

The central azimuth: 165 degrees ]rom the north

8 163.38 (161.4-165.4)

9 160.14 (158.1 - 162.1)

10 156.9 (154.9- 158.9)

11 153.66 (151.7-155.7)

12 150.42 (148.4- 152.4)

13 147.18 (145.2- 149.2)

14 143.94 (141.9-145.9)

15 140.7 (138.7- 142.7)

For the Hailey HF radar, one scan consists of 16 beams which are numbered from beam 

0 to beam 15 in counter-clockwise direction (SuperDARN convention of numbering 

radar beams for radars in the southern hemisphere). The beam-width is 6 degrees at 8 

MHz and 2.5 degrees at 20 MHz (Leonard, 1991). Here, we take 4 degrees for 12 MHz.

6.5.2 Beam-scan mode modelling and radar observations

Examples of four scans of the Hailey HF radar at 06:01:55, 06:16:19, 06:30:42 and 

06:45:07 UT are given in figure 6.6 in backscatter power and figure 6.7 in 

velocity/region. In figure 6.7, according to the radar criteria most of the backscatter is 

classified as ground backscatter. For comparison, the ray tracing results in figure 6.8 are 

also arranged in the same way as the radar scan plots. In figure 6.8, it is seen that the 

close range scatter is ionospheric and the long range patch is ground backscatter. In the 

first three ray tracing plots of figure 6.8 (06:00:00, 06:15:00, and 06:30:00 UT), no 

overlap is seen between the ionospheric backscatter and ground backscatter. Only in the 

last ray tracing plot at 06:45:00 UT, there is a little overlap between the ionospheric and 

ground backscatter.
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Compared to the ray tracing results in figure 6.8, it appears that, in figure 6.6, the main 

red patches of shorter ranges (within ranges 10 - 20) are ionospheric backscatter. Those 

red circular narrow steady patches at further ranges (at range 25 for the first two plots at 

06:01:55 and 06:16:19 UT, at range 23 - 24 for the third plot at 06:30:42 UT, and at 

range 2 1 - 2 2  for the fourth plot at 06:45:07 UT) are ground backscatter from skip 

distance. The radar backscatter from further ranges is ground backscatter as well. For 

example, in the third plot of figure 6.6, there are another two circular narrow patches at 

further ranges, which could be ground backscatter from beam focusing regions.

6.5.3 Range-bin statistical analysis

The range-bin statistical analysis is also carried out for the beam-scan mode and shown 

in figure 6.9. The top panel is radar data in backscatter power against range, the middle 

panel is the histogram of the radar data, and the bottom panel is the ray tracing results 

in the beam-scan mode. Compared to the histogram in the middle panel, the beam-scan 

mode results are not as good as expected. However, the beam-scan mode again gives 

the same story as the B-mode, that is, the radar backscatter within range 22 (1,080 km) 

is largely ionospheric rather than ground backscatter, and the radar scatter from further 

ranges is mostly ground backscatter.

The above B-mode and beam-scan mode modelling demonstrate that the radar criteria, 

based on the measured Doppler velocity and spectral width, are not good in some 

circumstances. The measured range (group path) parameter can play some important 

part and should be used in distinguishing radar ionospheric backscatter from ground 

backscatter.

6.6 DISCUSSION

Having discussed the B-mode and beam-scan mode modelling of the Hailey HF radar 

in Antarctica, a general summary of the ionospheric conditions above the radar site on 8 

December 1988 is now given below. Some of the problems encountered in the 

modelling are also discussed.
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6.6.1 The ionospheric condition above Hailey

On 8 December 1988, from 05:00:00 to 07:00:00 UT, it was geomagnetically quiet with 

kp=2. A summary view of the Hailey AIS ionogram data from 04:30:00 to 08:45:00 UT 

is shown in figure 6.10 and a corresponding skymap is given in figure 6.11. Some 

general features of the ionosphere during that period of time are summarised below.

(1) From 05:15:00 UT, there is clear evidence of persistent sporadic E, which should 

not be sampled when using POLAN to compute the real height profiles of electron 

density.

(2) Before 06:30:00 UT, the ionograms are a bit spread. But afterwards, ionogram data 

are of reasonably good quality.

(3) From the summary plot in figure 6.10, it is seen that foF2 increases steadily up to 

roughly 12 MHz, which is larger than expected for the same time in other years. 

The foE and foFl are of normal values.

(4) From 07:00:00 UT, there is some evidence of gravity waves (see figures 5.3 and 

6 . 10).

(5) From the skymap in figure 6.11, before 06:30 UT the data are spread, but after 

06:30 UT signals are mainly from overhead.

(6) No evidence of tilts is seen from either the summary plot in figure 6.10 or the 

skymap in figure 6.11.

6.6.2 Difficulties in determining the radar beams in elevation

In this modelling study, it has been found that the most difficult and uncertain 

parameter to determine is the radar beams in elevation. The radar antenna is composed 

of many simple elements aligned in a straight line perpendicular to the central direction 

of radar field of view. It is easy to understand, by the principle of optical interference, 

that the final radar beam would be quite narrow in azimuth, but very broad in elevation. 

However, due to the challenge of making accurate experimental measurement, no good 

answer is available at the moment for the lower elevation angle of the radar beams. 

Some experiments were attempted on radar beam 8 at 12.3 MHz at Hailey in 1993 and
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Figure 6.11 Sky map o f Hailey AIS dynasonde data
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first-hand results were presented in the 1994 Orleans SuperDARN workshop (Pinnock 

et al., 1994). These results are reproduced here. Figures 6.12 and 6.13 give the radar 

beam radiation pattern in azimuth and elevation, respectively. From the measurement, 

38° is taken for the peak elevation angle and 36° for the beam width in elevation. 

Assume the radiation pattern is symmetric about the peak, then the radar beams in 

elevation are from 20° to 56° (vertical range of radar beams). Using this elevation angle 

range in the B-mode modelling, no E-region orthogonalities are even computed. That 

implies, no E-region backscatter would be received by the radar. This is obviously not 

true, since the E-region backscatter is received (the middle panels of figures 6.4 and 

6.5). The possible solution to this difficulty is to use an even lower lower-elevation 

angle for the radar beams. In a number of test runs in the B-mode, ray tracing results 

suggest that the best guess of the lower elevation angle of the radar beams lies 

somewhere between 12° and 15°, but definitely not 20°. This point has been confirmed 

(Mike Pinnock, private communication 1994).

6.6.3 Comments on the B-mode and beam-scan mode

The relative advantages and disadvantages of the B-mode and beam-scan mode have 

been considered. The range-bin statistical analysis in figures 6.4 and 6.5 demonstrate 

that the B-mode modelling simulates the Hailey radar observations very well (in count 

rate as a function of range), and indicates that the measured range (group path) 

parameter can play an important role in separating radar ionospheric echoes from 

ground backscatter. The beam-scan mode modelling in figure 6.8 illustrates a natural 

way of simulating the radar beam-scan mode operation, and confirms the role of the 

measured range parameter in distinguishing radar ionospheric backscatter from ground 

backscatter. But the statistical rate count is not as good as expected, and even poorer 

than the B-mode modelling. This suggests that the B-mode is good at investigating the 

probability of receiving radar echoes from a given region (e.g. a beam range-cell), 

while the beam-scan mode is good at simulating the beam-scan mode of radar 

operation. In the beam-scan mode modelling, it does not matter how many orthogonal 

ray points have been computed within one beam range-cell. One orthogonal ray point is 

enough to say that the radar has received backscatter from that range-cell. Although this
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Figure 6.12 The Hailey radar radiation pattern in azimuth 
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is quite similar to the way that the radar samples its received signals, the beam-scan 

mode actually suppresses the statistical meaning of the computation of orthogonal ray 

points. In fact, the more orthogonal ray points that are computed in a given beam range

cell, the better the chance for the radar to receive backscatter from the range-cell. It is 

this statistical meaning of the computation of orthogonal ray points which makes sense 

to the B-mode modelling.

6.7 SUMMARY

In this case study for the Hailey HF radar in Antarctica, two different modes of ray 

tracing modelling are performed, the B-mode and beam-scan mode. In general, the 

modelling results simulate the radar observations very well in terms of the group path. 

The case study shows that the radar criteria used to distinguish radar ionospheric echoes 

from ground backscatter are not always sufficient, and the measured range (group path) 

parameter is also important in separating radar backscatters. Comments on the two 

modelling modes are given. That is, the B-mode is good at investigating the probability 

of receiving radar echoes from a given region (e.g. a beam range-cell), while the beam- 

scan mode is good at simulating the beam-scan mode of radar operation. The statistical 

meaning of the computation of orthogonal ray points is discussed.
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CHAPTER 7

THE CUTLASS HF RADAR AND COMPUTER 

MODELLING

7.1 INTRODUCTION

This chapter discusses ray tracing computer modelling for the CUTLASS HF radar in 

Finland. EISCAT CPI data measured in Tromso (Norway) are used for the model 

inputs of realistic ionospheric conditions. In this case study, both the beam-scan mode 

and radar summary plot modelling are performed, and comparison is made between 

modelling results and radar observations. Emphasis is given to the separation of radar 

ionospheric echoes from ground backscatter and the possible effect from the second 

hop HF ray propagation.

7.2 THE CUTLASS HF RADAR ( IN FINLAND )

CUTLASS, the Co-operative UK Twin Located Auroral Sounding System, is a twin- 

station HF coherent backscatter radar system for the study of small-scale dynamics of 

the high-latitude ionosphere. One radar is located in Iceland and the other is in Finland, 

and both look north into a volume over and to the north of Scandinavia, covering 

Tromso and Svalbard Archipelago, see figure 7.1. The Finland radar started in 

operation in February 1995 and the Iceland radar in the following autumn, November 

1995. The use of these two radars enables the ionospheric convection velocity vector 

perpendicular to the earth's magnetic field to be resolved.
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Figure 7.1 Viewing area of the CUTLASS HF radars



Each radar has two log-periodic antenna arrays. The main antenna array has 16 

transmitting antennas, separated by 15 m, with both transmit and receive capability, and 

in front of this an interferometer of 4 antennas with receive capability only, which 

allows the (elevation) angle of arrival of the backscattered signals to be determined.

The CUTLASS HF radars also form part of SuperDARN, an international network of 

similar radars covering almost 180 degrees longitude in the northern hemisphere and 

including conjugate stations in the Antarctica. This network will for the first time offer 

a truly global atmospheric monitoring which is so important if we are to understand our 

planetary environment.

7.2.1 Radar basic operational parameters

Table 7.1 summarises the basic operational parameters for the CUTLASS HF radar in 

Finland.

Table 7.1 Radar basic operational parameters

location: Transmitter location ( 62.32° N, 26.60° E )

antenna mast: 15 meters above the ground

total number of beams: 16 beams, numbered from 0 to 15 in clockwise

beam width: 2.5° at 20 MHz and 6° at 8 MHz (3  dB )

angular separation: 3.3° ( between two adjacent beams )

central azimuth: -12° ( from the north )

total azimuth sweep: 52.8°

working frequency: 8 - 20 MHz

peak elevation angle: 25°

total elevation angle: 12°-41° ( 3 dB )

integration time: 6 seconds per beam, and 96 seconds per scan

first range: 180 km ( default)

range resolution: 45 km ( default)

total range gates: 75 range gates
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The values for the above listed radar peak elevation angle and total elevation angle are 

taken from figure 7.2, the antenna (elevation) radiation pattern. It is shown and 

suggested in the figure that the beam width in elevation is based on 3 dB attenuation in 

power. The total elevation angle is from 12° to 41°. According to a series of modelling 

trials, it seems that 10 dB attenuation in power would be more appropriate for the 

purpose of comparison of modelling results with radar observations. Therefore, the total 

elevation angle goes from 5° to 55° (see figure 7.2). All discussions in this chapter are 

based on this assumption of 10 dB attenuation in power.

7.2.2 Radar ground backscatter

The radar ground backscatter is defined as scatter, whose Doppler velocity and spectral 

width are both less than 50 m/s. The situations for the CUTLASS HF radar in Finland 

might be quite different from that of the Hailey HF radar in Antarctica, where most of 

the land is covered with very thick snow/ice sheet. For the CUTLASS Finland HF 

radar, there is no such thick snow/ice covering. Therefore, ground backscatter from 

both land and sea, and from both first hop and second hop is expected.

7.3 THE IONOSPHERE ABOVE TROMSO

In this case study, the model inputs of realistic ionospheric conditions are based upon 

the CPI data measured in Tromso. The profiles of electron density consist of two parts, 

the alternating code data (below 142 km altitude) and long pulse data (above 142 km). 

Figure 7.3 shows 24 CPI profiles of electron density for 1 March 1995, one for each 

hour. The figure illustrates that the CPI data may sometimes display quite large auroral 

E, (e.g. at 20:05:05, 21:00:05, and 22:05:05 UT of figure 7.3), which makes the 

Gaussian extrapolation scheme of TABLEX vital to the modelling study (see chapter 

4). This feature of large auroral E will not be seen from the profiles of electron density 

computed by POLAN (see chapter 5). Figure 7.3 also shows that there is a persistent 

non-trivial discrepancy in electron density between the alternating code and long pulse 

data at around 142 km altitude. This discrepancy in electron density may produce a 

visible distortion on the ray paths at that altitude, and then affect the computation of 

ionospheric orthogonal and ground ray points. Except for corrupt profiles of electron
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Figure 7 .2 Antenna radiation pattern (elevation plot) of the 
CUTLASS HF radar in Finland
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Figure 7.3 The CPI data from the EISCAT UHF experiment at Tromso



density when spectral fitting failed and the above mentioned discrepancy in electron 

density between the alternating code and long pulse data, the CPI data can almost 

always give quite reasonable profiles of electron density regardless of various small 

ionospheric disturbances.

7.4 BEAM-SCAN MODE MODELLING

Ray tracing modelling in the beam-scan mode traces each of the radar 16 beams 

individually, one by one from beam 0 to beam 15 (see chapter 5). The advantage of this 

mode is that it is easy to compare ray tracing results with radar scan data. Detailed 

discussion of the beam-scan mode modelling and comparison with the Finland radar 

observations is given below.

7.4.1 Ray tracing/radar beam parameters

Table 7.2 gives the azimuthal spread of all 16 radar beams, from beam 0 to beam 15.

Table 7.2 Beam parameters of the CUTLASS HF radar, Finland

Beam No Beam Central Position Beam Spread

0 -37 (-40, -34)

1 -33.7 (-36.7, -30.7)

2 -30.4 (-33.4, -27.4)

3 -27.1 (-30.1,-24.1 )

4 -23.8 (-26.8, -20.8 )

5 -20.5 (-23.5,-17.5)

6 -17.2 (-20.2,-14.2)

7 -13.9 (-16.9,-10.9)

The central azimuth: -12.25 degrees from the north

8 -10.6 (-13.6, -7.6)

9 -7.3 (-10.3,-4.3 )

10 -4.0 (-7.0,-1.0)

11 -0.7 (-3.7, 2.3)
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12 2.6 (-0.4, 5.6)

13 5.9 (2.9, 8.9)

14 9.2 (6.2,12.2)

15 12.5 (9.5, 15.5)

For the CUTLASS HF radar in Finland, one scan consists of 16 beams (from beam 0 to 

beam 15 in clockwise). The radar beam-width is 6 degrees at 8 MHz and 2.5 degrees at 

20 MHz. In this case study, we take 6 degrees for 10 MHz.

7.4.2 Vertical ray paths and orthogonal ray points

Before doing any complex beam-scan mode modelling and comparison with the 

Finland radar observations, it is instructive to look at three plots of vertical projections 

of the ray paths of beam 5 to gain an initial impression of the first and second hop HF 

ray propagation and associated ionospheric orthogonal and ground ray points. Figures 

7.4, 7.5, and 7.6 show three vertical projections of the ray paths of beam 5 for 1 March 

1995 at 00:00:05 UT, 05:00:05 UT, and 08:05:05 UT, respectively. For simplicity and 

readability, the rays are traced at one azimuth angle only, that is -20.5° from the north, 

the central azimuth angle of beam 5, which is the beam that passes through the CPI 

pointing direction. For all three plots, the ray elevation angle goes from 5° to 55° and 

both first and second hop HF ray propagation are modelled at a frequency of 10 MHz. 

Small vertical bars are employed to indicate where orthogonal conditions are satisfied. 

Theoretically, the orthogonality means that small-scale density irregularities could be 

detectable by a ground-based HF coherent backscatter radar system if the density 

fluctuation level is high enough there.

Figure 7.4 shows both first and second hop ray propagation at 00:00:05 UT. Plasma 

density irregularities are detectable on up-leg ray paths (see small vertical bars on the 

up-leg ray paths of both first and second hop ray propagation). Figure 7.5 illustrates 

that at 05:00:05 UT plasma irregularities are only detectable by the first hop up-leg rays 

and no ionospheric backscatter is received at all from the second hop ray propagation. 

Although there is no ionospheric backscatter from the second hop ray propagation, the
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radar may still be able to receive some ground backscatter from the second hop. Figure 

7.6 shows that the radar, at 08:05:05 UT, receives much closer range ionospheric 

backscatter (orthogonal ray points) from the first hop. They are E-region backscatter. 

For the second hop ray propagation, ionospheric orthogonal ray points are no longer on 

the up-leg ray paths, but on the down-going ray paths.

The above three examples have demonstrated that the detection of radar backscatter by 

a ground-based HF coherent radar system may vary greatly with the ionospheric 

conditions and the geometry of the earth’s magnetic field lines. It is these factors that 

make the interpretation of radar data and computer modelling very complicated.

7.4.3 Beam-scan mode modelling and comparison to radar observations

Figure 7.7 shows 24 scan plots of the Finland radar for 1 March 1995. They are colour- 

scaled in backscatter power. The radar data are selected for 6 UT times, i.e. 09:00 UT, 

10:00 UT, 11:00 UT, 12:00 UT, 13:00 UT, and 14:00 UT hours. Figure 7.8 shows the 

same radar data, but arranged in velocity/region plots based upon the radar criteria of 

phase velocity and spectral width. The horizontal colourbar gives the phase velocity of 

plasma waves with positive number for waves moving towards the radar and negative 

number for waves moving away from it. The ground backscatter is plotted in grey. In 

figure 7.8, most of the radar received signals are identified as ground backscatter.

For the above six selected UT times, ray tracing modelling in the beam-scan mode is 

performed at 10 MHz. Results are shown in figures 7.9 for one-hop and 7.10 for two- 

hop ray propagation, and both figures are colour-scaled in altitudes of ray points. The 

ground ray points are again plotted in grey. For the convenience of comparison, six 

radar scan plots are reproduced in figures 7.11 and 7.12, colour-scaled in backscatter 

power and phase velocity/regions, respectively. Both the radar data and ray tracing 

results are plotted up to range-bin 75, the maximum observing range gate of the 

CUTLASS HF radar. Anything beyond this range gate is ignored.

Below is given a detailed comparison between the ray tracing results in figures 7.9 

(one-hop) and 7.10 (two-hop), and the radar observations in figures 7.11 and 7.12.
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(1) 09:00 UT — The Finland radar scan plot at 08:59:06 UT in figure 7.11 shows very 

little backscatter below range 18. From range 18 up to range 50, there are two main 

belts of backscatter and the scatter of relatively larger power is around range 20 to 

25 and range 40 to 41. At ranges above 65, there is a very small patch of scatter. 

The radar velocity/region plot in figure 7.12 shows that most of the scatter between 

ranges 18 and 35 is ground backscatter and the scatter between ranges 35 and 45 is 

ionospheric. The scatter at ranges above 65 is ionospheric because of its large phase 

velocity.

The ray tracing results for 09:00:05 UT in figure 7.10 suggest that the orthogonal 

condition for backscatter to occur is satisfied between ranges 18 and 40. However, 

there is no evidence for ground scatter at these ranges. The backscatter at ranges 

above 65 is ground backscatter.

(2) 10:00 UT -- The radar scan data at 09:59:09 UT in figure 7.11 shows very little 

backscatter below range 15. Above range 15, there are roughly three patches of 

backscatter. One is from range 15 to 39, one from range 39 to 47, and one from 

range 59 to 65. The radar velocity/region plot in figure 7.12 identifies that below 

range 20 the radar scatter is mostly ionospheric, and between ranges 20 and 46 the 

radar scatter is mostly ground backscatter. At further ranges, between ranges 59 to 

65, the radar scatter is again ionospheric.

The ray tracing results at 10:00:05 UT in figure 7.10 suggest that the radar scatter 

below range 20 should be ionospheric, and the scatter between ranges 20 and 25 

should be some mixture of ionospheric backscatter and ground backscatter. The 

radar scatter from range 30 to 39 or 40 could be the second hop E-region scatter. 

Between ranges 40 and 58, the scatter is ground backscatter and there is no evidence 

for ionospheric backscatter at these ranges. The scatter at further ranges, between 

ranges 59 and 74, is ionospheric F-region scatter from the second hop.

(3) 11:00 UT -- The radar scan plot at 10:59:14 UT in figure 7.12 shows that below 

range 15 the radar scatter is mostly ionospheric. The patch between ranges 15 and
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45 is identified as mostly ground backscatter. Above range 46, the scatter is again 

ionospheric backscatter.

The ray results at 11:00:05 UT in figure 7.10 suggest that the radar scatter below 

range 22 is ionospheric. From range 37 to 59, the scatter is (the second hop) 

ionospheric E-region backscatter mixed with some ground backscatter. At further 

ranges, the scatter is (the second hop) ionospheric F-region backscatter mixed with 

some ground backscatter.

(4) 12:00 UT -- The radar velocity/region plot at 11:59:20 UT in figure 7.12 identifies 

the radar backscatter as largely ground backscatter.

The ray tracing results at 12:00:05 UT in figure 7.10 suggest that the radar scatter 

below range 20 should be ionospheric (F-region) backscatter. The scatter between 

range 29 to 32 is the second hop E-region backscatter. The scatter between ranges 

35 and 51 is ground backscatter. Above range 52, the scatter is ionospheric scatter 

mixed with some ground backscatter.

(5) 13:00 UT — There are roughly two big patches in radar scan data at 12:59:25 UT 

shown in figure 7.11. One is between ranges 19 and 44, and the other is above range 

45. The radar velocity/region plot in figure 7.12 indicates that most of the scatter 

below range 45 is ground backscatter and the scatter above range 45 is ionospheric.

The ray tracing results at 13:00:05 UT in figure 7.10 suggest that the radar scatter 

below range 35 should be ionospheric backscatter and there is no evidence for 

ground backscatter at these ranges. The scatter between ranges 37 and 51 is ground 

backscatter and the scatter above range 54 could largely be the second hop F-region 

backscatter.

(6) 14:00 UT — The radar velocity/region plot at 13:59:31 UT in figure 7.12 shows that 

below range 20 the scatter is mostly ionospheric. Between ranges 35 and 42 there is 

a belt of ionospheric backscatter. Above range 45, radar receives another patch of 

ionospheric backscatter.
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The ray tracing results at 14:00:05 UT in figure 7.10 take all radar scatter below 

range 25 for ionospheric backscatter. Between ranges 26 and 39, no scatter is 

computed in the modelling. The radar scatter between ranges 39 and 53 should be 

ground backscatter and there is no evidence for ionospheric backscatter at these 

ranges. The radar scatter above range 55 should largely be the second hop F-region 

backscatter.

7.4.4 Discussion

The above comparison shows the agreement and disagreement between the beam-scan 

mode modelling and the Finland radar observations for the six selected UT times on 1 

March 1995. In figure 7.12, the radar criteria identify most of the closest range radar 

scatter (e.g. below range 15) as ionospheric mixed with a little ground backscatter. The 

ray tracing results suggest that below range 20 the radar backscatter should be 

ionospheric and there is no evidence for ground backscatter at these ranges. The ray 

tracing results also suggest that most of the close range main red patches in figure 7.11 

are ionospheric backscatter, whereas the radar criteria identify them as ground 

backscatter. For the far range radar scatters, the radar criteria are likely to identify them 

as ionospheric (see figure 7.12). The ray tracing results suggest that they are largely the 

second hop ionospheric scatter mixed with some ground backscatter, and sometimes 

they can be ground backscatter only. The middle range radar scatter is sometimes 

ground, sometimes ionospheric, and sometimes mixed backscatter.

It is noticed that some range gaps exist in the ray tracing results. This may be caused by 

the too big ray tracing angular step of one degree per ray in both elevation and azimuth, 

and may also be affected by the too strict orthogonal condition with the earth’s 

magnetic field. Using smaller (ray tracing) angular step and less strict orthogonal 

criterion may help reduce the range gaps in the ray tracing results. It is also noticed that 

the radar frequency in real operation is not kept constant. The radar frequency varies 

with time and the variation could sometimes be as large as 0.1 MHz. This frequency 

variation may also affect the above comparison to some extent.
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7.5 RADAR SUMMARY PLOT MODELLING

The summary plot modelling is, in fact, the same as the ray tracing modelling in the 

beam-scan mode, but only for the radar beam 5. This mode gives a 24 (UT) hour radar 

summary plot simulation and is good at illustrating how the radar scatter varies 

diumally. The ionosphere may inevitably tilt a little during sunrise and sunset, and the 

assumption of a pure horizontally stratified ionosphere may not be good for those 

periods. In this summary plot modelling, both one-hop and two-hop ray propagation are 

investigated. Emphasis is given to the separation of radar ionospheric echoes from 

ground backscatter, and the possible effect of the second hop HF ray propagation.

7.5.1 Radar summary plot o f beam 5

Figure 7.13 is the Finland radar summary plot for 1 March 1995. The top panel shows 

24 hours backscatter data received by the radar beam 5 and colour-scaled in backscatter 

power. The middle panel is a velocity/region plot of the data and the bottom panel is 

colour-scaled in spectral width. The top panel of the summary plot shows that between 

00:00 UT and 05:00 UT, except for very close ranges, very little backscatter is received. 

From 05:00 UT until 18:00 UT, there is considerable backscatter between ranges 15 

and 60. It seems that the radar scatter from 05:00 UT to 18:00 UT could be separated 

into two main belts of backscatter. One is the belt of closer ranges and of relatively 

larger backscatter power (the main red belt), and the other is the belt at further ranges 

and of less backscatter power. After 18:00 UT, again, the radar scatter is mainly from 

very close ranges.

In the middle panel of figure 7.13, the radar criteria identify most of the radar scatter 

from very close ranges as ionospheric. Between 05:00 UT and 18:00 UT, the closer 

range backscatter patch of relatively larger backscatter power is identified as mostly 

ground scatter and the further range patch is partly ionospheric and partly ground 

backscatter.
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7.5.2 One-hop summary plot modelling

Figure 7.14 illustrates the one-hop summary plot modelling of radar beam 5. The ray 

tracing results are arranged in three panels. The top panel is a time-range scatter plot of 

24 hour modelling of radar beam 5 at frequency 10 MHz, colour-scaled in regions. If 

there is any overlap of ray points from different regions, the plotting preference E/F/G, 

printed on the top right comer of the figure, indicates that the E-region scatter is over 

the F-region scatter, which is over the ground scatter. The middle panel is the same as 

the top panel, but sampled in range-bins. The bottom panel is colour-scaled in altitudes 

with ground backscatter in grey.

Compared to the radar summary plot in figure 7.13, this one-hop ray tracing modelling 

of radar beam 5 produces most of the main features of the radar summary plot. That is, 

in the early morning and late afternoon the ionospheric scatter seems to have very close 

ranges. During the daytime, there are two main patches of scatter separated at range 30. 

Although the agreement with the radar data in figure 7.13 is not satisfactory, the one- 

hop modelling produces most of the main features of the radar summary plot. What is 

missing from this one-hop summary plot modelling is the contribution from the second 

hop ray propagation, which is discussed in next section.

7.5.3 Two-hop summary plot modelling

Figure 7.15 shows the two-hop summary plot modelling of radar beam 5 at a frequency 

of 10 MHz. The ray tracing results are arranged in three panels, the same as figure 7.14. 

The top panel is a 24 hour time-range scatter plot of all possible ray points, colour- 

scaled in regions. The middle panel is the same as the top panel, except sampled in 

radar range-bins. The bottom panel is colour-scaled in altitudes. The plotting 

preference, G/E/F, is shown on the top right comer of the figure and indicates that the 

ground scatter is over the E-region scatter which is over the F-region scatter, if there is 

any possible overlap of scatters from different regions.

The two-hop ray tracing results in figure 7.15 demonstrate that before 06:00 UT the 

second hop scatter could be from as far as range 60, or even up to range 70. This far
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range scatter in early morning hours is sometimes seen from the Finland radar summary 

plots, but not seen in figure 7.13. From 07:00 UT to 18:00 UT, the main ray tracing 

scatter is split into two big patches. One patch is of closer ranges (below range 35 or 

40) and the other patch is at further ranges. From 20:00 UT, the two-hop modelling 

again suggests some far range scatter from the second hop ray propagation, which is 

usually seen in the Finland radar summary plots.

The comparison with the radar summary plot in figure 7.13 shows that before 05:00 

UT, for various reasons, the radar beam 5 did not receive any second hop backscatter. 

Between 02:00 UT and 04:00 UT, beam 5 detected some first hop ground backscatter, 

but not very much. From 17:00 UT to 19:00 UT, backscatter is received by the radar 

beam 5 from both first hop (below range 35, figure 7.14) and second hop (up to range 

65 or even 70, figure 7.15). After 19:00 UT, backscatter is mainly received from the 

first hop.

For the daytime, there are two main patches of scatter between 05:00 UT and 18:00 UT. 

The comparison indicates that the large range radar scatter (ranges 50 to 55) at 05:00 

UT in figure 7.13 is the second hop ground scatter in figure 7.15. The same is true for 

18:00 UT, where the large range scatter at ranges 60 to 65 in figure 7.13 is the second 

hop ionospheric scatter in figure 7.15. If one looks carefully at the middle panel of 

figure 7.15, there is a range gap which separates the two main patches of scatter 

between 05:00 UT and 18:00 UT. The patch of closer ranges starts from the large range 

scatter at 05:00 UT down to range 30 at 10:00 UT and then goes back to range 70 at 

18:00 UT. For this closer range scatter, the two-hop modelling in figure 7.15 suggests 

that between 06:00 UT and 18:00 UT the radar scatter is largely ionospheric mixed with 

some ground backscatter. This means that the main red belt of radar scatter in the top 

panel of figure 7.13 from 06:00 UT to 18:00 UT is largely ionospheric instead of 

largely ground backscatter. For the further range main patch of scatter, because of some 

range gaps existent in the ray tracing results, some of the radar received backscattered 

signals in figure 7.13 are missing in figure 7.15. Therefore, for the further range main 

patch of scatter, the agreement between the two-hop summary plot modelling and the 

radar observations in figure 7.13 is not good enough. However, the two-hop modelling
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suggests that the further range main patch of scatter is a mixture of first hop ground 

backscatter and some second hop ionospheric backscatter.

7.5.4 Discussion

The above comparison demonstrates that for the Finland radar both first hop and second 

hop radar propagation are important. The summary plot modelling shows that most of 

the main features of radar summary plot data are from the first hop radar propagation, 

although the second hop propagation is also important. Because of the relative 

importance of the second hop radar propagation, modelling results show a far more 

complex organisation of radar backscatter in ranges than that of the Hailey HF radar, 

which is mostly organised in ranges in the order of E-region scatter, F-region scatter, 

and ground scatter. Although technically the radar detection of ionospheric density 

irregularities depends heavily on a number of things, such as orthogonality condition, 

irregularities, and HF absorption, ray tracing modelling always predicts all possible 

(ionospheric) orthogonal ray points and ground ray points in radar field-of-view. This 

leads to the overestimation of ionospheric/ground backscatter in ray tracing plots.

7.6 Statistical occurrence of radar backscatter

An initial statistical study of the occurrence of ionospheric and ground backscatter of 

the CUTLASS HF radars has been carried out by Milan et al. (1997b). The separation 

of radar front and rear backscatter using interferometer information has been studied. It 

is found that a significant proportion of ground backscatter originates from behind the 

radars as a consequence of a rear side-lobe in the antenna patterns and possible more 

favourable propagation conditions at mid-latitudes (Milan et al., 1997a). The problem 

with antenna radiation pattern of the Finland radar was discussed in section 7.2.1. A 

series of initial trials in this modelling study suggests that the radar beam width in 

elevation should be based on 10 dB attenuation in power, instead of 3 dB which is 

suggested in the radar design (see figure 7.2). If the beam width in elevation of the 

Finland radar is based on 10 dB attenuation in power, then the antenna side-lobe effect 

can never be ignored. Milan et al (1997b) has given an estimate of the percentage of 

ground backscatter occurrence from the front of the CUTLASS HF radars. Their results
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are reproduced here in Figure 7.16, which shows that significant (more than 50%) 

ground backscatter may come from behind the CUTLASS radars during winter and 

early spring. This may be part of the reason why the range gaps in the ray tracing 

results are not seen in radar observations.

The statistical study (Milan et a l, 1997b) suggests that the diurnal variation of the 

occurrence of far range ionospheric backscatter of the Finland radar has two maxima, 

one pre-noon and one post-noon. The variation of the UT times of the two maxima with 

months is shown in figure 7.17, in general being most separated near the equinoxes and 

approaching local noon towards winter solstice, until they merge to form a single peak 

in December 1995 and January 1996. Since data for March 1995 is not included in 

figure 7.17, we use the data for March 1996 instead. The figure shows that the two 

maxima of the occurrence of far range ionospheric scatter for March 1996 are at 6.30 

UT and 15.30 UT. The ranges for the two maxima in March 1995 shown in their figure 

7a are roughly from 40 to 46 (Milan et a l, 1997b). This is predicted by the two-hop 

summary plot modelling in figure 7.15, with both the pre-noon and post-noon far range 

scatter being from the second hop E-region at 06:00 UT and 17:00 UT, respectively. 

The second hop E-region scatter at 04:00 UT is not observed by the radar (see figure 

7.15).

7.7 SUMMARY

To summarise, this chapter discusses the beam-scan mode and summary plot modelling 

of the CUTLASS HF radar in Finland. Comparison to the radar observations for 1 

March 1995 is made. Emphasis is given to the separation of radar ionospheric echoes 

from ground backscatter and the possible effect of the second hop HF ray propagation.

For the beam-scan mode, the comparison to the radar scan data for 1 March 1995 shows 

that in general the agreement is good in ranges, but not in regions. It appears that the 

radar criteria tend to interpret close range scatter for ground scatter, whereas ray tracing 

results often strongly suggest that the close range scatter, between ranges 15 and 25, 

should mostly be ionospheric backscatter.
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For the summary plot modelling, the comparison shows that the one-hop modelling 

produces most of the main features of the radar summary plot data for 1 March 1995, 

and that the two-hop modelling adds in the contributions from the second hop HF ray 

propagation. The two-hop modelling makes a better comparison to the radar summary 

plot data. That means for the Finland radar the second hop propagation is important. 

The comparison also suggests that the radar criteria are likely to identify those close 

range ionospheric scatter as ground backscatter. Besides, the two-hop summary plot 

modelling predicts the far range ionospheric scatter at the UT times of the two maxima 

of the occurrence of the radar ionospheric scatter in figure 7.17.

It is noticed that, compared to radar observations, some range gaps exist in ray tracing 

results. These range gaps may be caused by the too big ray tracing angular step of every 

one degree per ray in both elevation and azimuth. It could also be caused by the too 

strict orthogonal condition with the earth’s magnetic field. It may help to reduce the 

range gaps in ray tracing results by using a smaller (ray tracing) angular step in both 

elevation and azimuth, and by using a less strict criterion of orthogonality. The rear 

side-lobe effect of the radar antenna may be part of the reason why the range gaps in 

ray tracing results are not usually seen in the radar data.
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CHAPTER 8

CONCLUSIONS AND FUTURE WORK

8.1 INTRODUCTION

In both equatorial and high-latitude regions, pronounced radar backscatter is frequently 

received from small-scale plasma density irregularities of the ionosphere. This fact 

implies the possibility of investigating the ionospheric small-scale dynamics using 

ground-based radar systems. This research has involved ray tracing modelling of HF 

coherent detection of irregularities in the high-latitude ionosphere. All discussions are 

based on two HF radar systems, the Hailey HF radar in Antarctica and the CUTLASS 

HF radar in Finland. A brief summary is now presented of the main background theory 

and the modelling techniques used in the research. The most important modelling 

results and the conclusions are highlighted.

8.2 IRREGULARITIES AND COHERENT BACKSCATTER

The clear-air radar scatter from the ionospheric region is caused by small fluctuations of 

radio refractive index, which are in turn produced by the fluctuations of electron density 

in the region. The fluctuations of electron density in the ionospheric E- and F- regions 

can be produced and sustained by various plasma instability processes (Farley, 1963; 

Buneman, 1963; Dungey, 1956). Because of the existence of the earth’s magnetic 

fields, the ionospheric plasma is no longer isotropic electrically. Small-scale 

irregularities tend to be elongated along the earth’s magnetic field lines.
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Historically, most early radar studies of F-region irregularities have been confined to 

low and mid-latitudes where VHF and UHF radars can achieve the requisite 

orthogonality condition with the earth’s magnetic field (Woodman et al., 1976; 

Tsunoda et al., 1979). At high-latitudes, the magnetic field lines are very close to 

vertical. This makes VHF and UHF radars very difficult to reach the orthogonality 

condition in the F-region. Taking advantage of the ionospheric refraction at lower 

frequencies, HF radars can achieve the orthogonality condition in both the E- and F- 

regions, and thus have been used to investigate small-scale irregularities in the high- 

latitude ionosphere (Greenwald et al., 1995).

8.3 GROUND SCATTER AND RADAR CRITERIA

The radar observations also consist direct backscatter from the ground. An uncertainty 

arises due to the difficulty in separating true ground backscatter from ionospheric 

scatter which fulfils the radar criteria based on the measured Doppler velocity and 

spectral width. The radar ground backscatter is defined as scatter whose Doppler 

velocity and spectral width are both less than 50 m/s.

8.4 THE JONES3D PROGRAMME

The Jones3D programme (Jones and Stephenson, 1975) is one of the most widely used 

ray tracing computer programmes for radio waves in the ionosphere (Villain, et al., 

1984; Villain, et al., 1985; Samson, et al., 1990; Anderson, et a l, 1996). In this 

research, the programme has been modified to simulate HF radar detection of field- 

aligned small-scale irregularities in the high-latitude ionosphere. Although ray tracing 

can not produce dynamic parameters such as Doppler velocity and spectral width, 

which are used by radar to separate ionospheric echoes from ground backscatter, the 

modified version of Jones3D has the ability to distinguish between those ray points for 

which the orthogonal condition is satisfied and those ray points for which the ground is 

reached.

The main modifications made to the programme are summarised below.
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(i) implementing a Gaussian extrapolation scheme in TABLEX to obtain a reasonable 

bottom-side profile of electron density

(ii) implementing the mechanism of computing orthogonal ray points and ground ray 

points

(iii) enabling to trace the rays up to any altitude above the F2 peak

(iv) setting a lower and upper height limit for the computation of orthogonal ray points

8.5 MODELLING SPECIFICATIONS

The specifications of the Jones3D programme used in the research are summarised

below. Discussions of the specifications can be found in chapter 5.

(1) Only O-mode rays are traced.

(2) The earth-centred dipole model is used for the earth’s magnetic fields.

(3) Numerical profiles of electron density (TABLEX) are used for the model inputs of 

realistic ionospheric conditions.

(4) No ionospheric perturbations and no tilts are considered.

(5) A combination of two exponentials is used for the profile of electron collision 

frequency.

(6) Radio refractive index is computed using the Appleton-Hartree formula with the 

magnetic field and electron-neutral collisions.

(7) The ray orthogonal condition: when the angle of ray wave vector k to the local 

geomagnetic field B is within one degree of perpendicularity, i.e. within 89 to 91 

degrees, orthogonality is assumed.

(8) For both physics and computational purposes, orthogonalities with the earth’s 

magnetic field lines are only computed and plotted between the user specified 

lower and upper height limits (see chapter 4). In this research, the lower and upper 

height limits are set to 90 and 500 km altitude, respectively.

8.6 MODEL INPUTS OF REALISTIC IONOSPHERIC CONDITIONS

For the Hailey HF radar in Antarctica, the model inputs of realistic ionospheric

conditions are computed directly by POLAN (Titheridge, 1985) from Hailey AIS
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dynasonde data. EISCAT CPI data measured at Tromso are used for the modelling 

study of the CUTLASS HF radar in Finland.

8.7 DIFFERENT MODES OF HF RADAR MODELLING

In this modelling study, two different modes of ray tracing have been performed, the B- 

mode and beam-scan mode. In the B-mode, all 16 radar beams are simulated into one 

big rectangular beam, whose overall radiation pattern is assumed to be flat. In the 

beam-scan mode, the radar 16 beams are traced individually one by one from beam 0 to 

beam 15 through the same ionosphere. The sampling of each of the 16 beams is exactly 

the same as in the radar operation, starting from the first range gate by range resolution. 

In each range-cell, if one or more E-region orthogonal, F-region orthogonal or ground 

ray points are sampled, then the radar is assumed to have received E-region, F-region or 

ground backscatter from the range-cell.

The advantage of the B-mode modelling lies in its statistical meaning of the 

computation of orthogonal ray points and ground ray points. In fact, the more 

orthogonal ray points (or ground ray points) that are computed in a range-cell, the better 

the chance for the radar to receive ionospheric (or ground) backscatter from the range

cell. It is this statistical meaning of the computation of orthogonal ray points and 

ground ray points which makes sense to the B-mode modelling. On the other hand, the 

beam-scan mode provides a natural way of simulating the radar beam-scan mode 

operation. It is easy to compare the beam-scan mode results with radar scan data.

8.8 HF RADAR MODELLING -  CASE STUDY ONE

In the case study for the Hailey HF radar in Antarctica, both the B-mode and beam-scan 

mode modelling have been performed. Comparisons with the radar observations are 

made. Compared with one radar scan data, the agreement between the B-mode results 

and radar observations is good in ranges, but not good in regions (figure 6.3). This is 

because two different methods are used to separate radar ionospheric echoes from 

ground scatter. The radar uses radar criteria based on the measured Doppler velocity 

and spectral width, whereas ray tracing modelling uses the heights of orthogonal and

83



ground ray points. The range-bin statistical analysis in figures 6.4 and 6.5 shows that 

(for one hour radar data) the B-mode modelling simulates the radar observations very 

well in terms of the count rate of radar scatter as a function of range, and demonstrates 

that the B-mode is good at investigating the probability of receiving radar backscatter 

from a given range (or range-bin). The comparisons indicate that the radar criteria 

based on the measured Doppler velocity and spectral width are not sufficient, and that 

the measured range (group path) parameter can play an important part in identifying 

radar ionospheric scatter from ground scatter.

The beam-scan mode modelling and its range-bin statistical analysis in figures 6.8 and

6.9 have confirmed the importance of the measured range parameter in separating radar 

ionospheric scatter from ground scatter. In comparison with radar scan data, the beam- 

scan mode results indicate that the radar criteria tend to interpret close range (below 

range 20) ionospheric scatter of relatively larger backscatter power for ground scatter.

Both the B-mode and beam-scan mode results indicate that for the Hailey HF radar the 

main propagation mode is one-hop propagation mode, and the radar scatter is mostly 

organised in ranges in the order of E-region scatter, F-region scatter, and ground scatter 

(bottom panels of figures 6.4 and 6.5).

8.9 HF RADAR MODELLING -  CASE STUDY TWO

In the case study for the CUTLASS HF radar in Finland, in addition to the beam-scan 

mode modelling, the summary plot modelling of radar beam 5 has also been performed. 

Comparisons with the radar observations are made. Compared to radar observations, 

both the beam-scan mode and summary plot modelling suggest that for the CUTLASS 

HF radar in Finland both first hop and second hop radar propagation are important.

The comparison between the beam-scan mode results in figure 7.10 and the radar scan 

data in figure 7.12 indicates that the radar criteria tend to identify close range (below 

range 20 for the two middle panels at 11:00:05 UT, 12:00:05 UT, and below range 30 

for the bottom left panel at 13:00:05 UT of figure 7.10) F-region scatter as ground

84



scatter. For E-region scatter (at 11:00:05 UT and 14:00:05 UT of figure 7.10), the radar 

criteria are mostly correct.

The summary plot modelling of radar beam 5 demonstrates that the one-hop modelling 

in figure 7.14 produces most of the main features of the radar summary plot data in 

figure 7.13. The two-hop results in figure 7.15 add in the contributions from the second 

hop ray propagation and make a better comparison. Besides, the two-hop modelling 

produces the far range ionospheric scatter at the UT times of the two maxima of radar 

backscatter occurrence found in a statistical study of the Finland radar data (Milan et 

a l, 1997b).

8.10 SUMMARY

The modelling case study for the Hailey HF radar in Antarctica shows that the radar 

main propagation mode is one-hop propagation. Ray tracing results in both the B-mode 

and beam-scan mode indicate that the radar criteria based on the measured Doppler 

velocity and spectral width are not sufficient. The measured range (group path) 

parameter is important and should be used in separating radar ionospheric echoes from 

ground backscatter. Modelling results indicate that (for the Hailey HF radar in 

Antarctica) radar scatter is mostly organised in ranges in the order of E-region scatter, 

F-region scatter, and ground scatter (bottom panels of figures 6.4 and 6.5).

The modelling case study for the CUTLASS HF radar in Finland indicates that for the 

Finland radar both first hop and second hop radar propagation are important. The beam- 

scan mode modelling shows that the radar criteria are good for E-region scatter, but 

tend to identify close range F-region scatter as ground scatter. The summary plot 

modelling shows that most of the main features of radar summary plot data are from the 

first hop radar propagation, although the second hop propagation is also important. 

Because of the relative importance of the second hop radar propagation, modelling 

results show a far more complex organisation of radar scatter in ranges than that of the 

Hailey HF radar.
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In this research, it has been found that ray tracing is very useful in determining the 

radar beam-width in elevation. For the Hailey HF radar, the radar beam-width in 

elevation is found to be from 15° to 56°, not from 20° to 56°. This has been confirmed 

(Mike Pinnock, private communication 1994). For the CUTLASS HF radar in Finland, 

ray tracing results suggest that the radar beam-width should be based on 10 dB 

attenuation in power, rather than 3 dB. When the radar beam-width is based on 10 dB 

attenuation, the rear side-lobe effect of the radar antenna will not be negligible (figure 

7.2). This has also been confirmed (Milan et al., 1997a).

8.11 SUGGESTIONS FOR FUTURE WORK

Suggestions for future work are listed below.

(1) Use the range (group path) information obtained from the range-bin statistical 

analysis (chapter 6) and the other three measured parameters (backscatter power, 

Doppler velocity, and spectral width) to further investigate the radar criteria.

(2) Use the CUTLASS radars interferometer data and the B-mode ray tracing 

modelling to investigate the rear side-lobe effect on both first hop and second hop 

radar propagations.
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