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To increase the field of view of the TIGER (Tasman International Geospace Envi-
ronment Radar) SuperDARN (Super Dual Auroral Radar Network) radars new phasing
boxes have been built at La Trobe University. A box that rotates the field of view of
the Bruny Island radar to include Macquarie Island (MQI) was tested using geophysi-
cal observations and was found to work. Macquarie Island contains basic space science
instruments which can be used to improve the interpretation of TIGER observations.
Using the Macquarie Island phasing box a series of campaigns were carried out to gather
data for future analysis. One of these campaigns was analysed using the map potential
model to determine the 2-D convection pattern. This showed a possible new convection
cell in the pre-noon sector sub-auroral ionosphere. A box that shifts the field of view
of the Bruny Island radar to include the predicted HAARP (High frequency Active Au-
roral Research Program) conjugate point was also built. Preliminary tests suggest the
HAARP box is working but the data will require further analysis to achieve confidence.
A campaign to detect an effect at the HAARP conjugate point was run but no conclu-
sive effect has been obtained so far. Finally a phasing box that will be used to observe
F' Region scatter with the Unwin radar above E Region scatter observed by the Bruny

Island radar is under construction.
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1 Introduction

1.1 SuperDARN and TIGER

SuperDARN (Super Dual Auroral Radar Network) is an international network of co-
herent backscatter HFY| radars dedicated to ionospheric research. SuperDARN radars
have an approximate field of view of ~ 52° comprised of 16 different beams separated
by 3.24° and they sample ranges between about 180 km to over 3 000 km usually in
45 km steps [0]. They measure ionospheric motion by Bragg scattering off decametre
scale electron density irregularities in the ionosphere [0].

Ionospheric irregularities tend to be field aligned which means that for a backscattered
signal to be returned to the radar the radio waves must become orthogonal to the
magnetic field lines which at high latitudes are nearly vertical [6]. A HF radar can take
advantage of ionospheric propagation to refract the radio waves to orthogonality with
the magnetic field for F Region heights at high latitude [6].

TIGER (Tasman International Geospace Environment Radar) consists of two radars
operated by La Trobe University [B] and is a component of SuperDARN [B] [II]. Both
components of TIGER are at a lower latitude than other SuperDARN radars, except
for the recently commissioned Wallops Island radar, allowing the TIGER radars to
observe the auroral oval during disturbed geomagnetic conditions when the zone of
intense auroral irregularities expands too far equatorward for the rest of the SuperDARN

network to observe.

'High Frequency spans the range of 3 MHz to 30 MHz. SuperDARN radars work over the range of
8 MHz to 20 MHz



The Tasmanian Component of TIGER (Figure[L.1]) is located on Bruny Island (43.38° S,
147.23° E) and points toward geographic south to scan opposite the field of view of the

Halley radar located in Antarctica.

Figure 1.1: The TIGER Bruny Island radar viewed from behind. The 4 antenna inter-
ferometer array is shown in the foreground and the 16 antenna main array
in the background.

The TIGER Unwin radar (Figure near Invercargill, New Zealand (46.51° S,
168.37° E) was added in 2004 and has a field of view which overlaps that of the TIGER
Bruny Island radar, both of which are shown in Figure|l.3] This allows the line of sight
velocity vectors of each radar to be combined to generate two dimensional convection
maps of the ionosphere.

The method used to rotate the field of view of these radars from the default boresights

described in this thesis provides the opportunity for some novel experiments.



Figure 1.2: The TIGER Unwin radar viewed from the front. The 16 antenna main array
is shown in the foreground and the 4 antenna interferometer array in the
background.

1.2 Map Potential Model

Whilst merging the line of sight vectors from two or more radars allows for the deter-
mination of two dimensional velocity vectors, this can only work when both radars have
determined a line of sight velocity vector in the same spatial region. This is usually only
a subset of the line of sight vectors observed by both radars.

Tonospheric winds at high latitudes tend to flow along lines of electric isopotentiaﬂ
due to E x B drift [I2]. The map potential analysis developed by Ruohoniemi et al.
uses SuperDARN line of sight velocities to model the electric potentials using fitted 2D
velocity vectors [I2, [[3]. A statistical model is used to model the electric potential in

regions not constrained by data [12] [13].

2These are analogous to isobars in the lower atmosphere
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Figure 1.3: The default fields of view of the TIGER radar pair. Each field of view is
divided into sixteen beams with the western most beam numbered 0 and the
eastern most beam numbered 15. The standard 45 km range gates are also
shown.

The electrostatic potential ® obtained from £ = —V® is expanded using spherical

harmonic functions as:
L M

{=0m=—M
where Ay, is a complex coefficient, Yy, is a spherical harmonic function of order ¢ and

degree m, ¢ is the longitude and € is the colatitude. In the electrostatic case the analysis
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is actually done with a purely real ® and so an equation of the form:

L ¢
O(0,0) = Z AP} (cos ) + Z (Apm cosmeo + By, sin mep) P (cos 0) (1.2)

=0 m=1

is used with Ay, and By, both real and P;" are the associated Legendre functions.
The convection pattern is then fitted by taking line of sight velocity vectors and
minimising:

9 N1 - 2
X 22—2{@”/{,-—102- (1.3)
-1 %
where v; is the fitted velocity vector at point ¢, w; is the line of sight velocity at point 4,
k; is the unit vector in the direction of the radar line of sight and o; is the uncertainty

of the line of sight velocity. Once v has been found E can be found since:

ExB
V=0

(1.4)

The electric field and hence the electric potential are implied by the fitted velocity
vectors.
The enhanced beam steering capability described in this thesis provides the opportu-

nity to extend the map potential analysis to new spatial regions.

1.3 Magnetic Conjugacy

Magnetic conjugate points are two points on the Earth’s surface or at a height above the
Earth’s surface which are connected by a single magnetic field line [I]. The magnetic
field lines tend to be equipotental because electrons and ions have a high mobility along
magnetic field lines compared to mobility perpendicular to magnetic field lines [IJ.
Conjugate points tend to move around because of external magnetospheric currents
associated with the global substorm cycle. This is particularly the case above 60° mag-

netic [IJ.
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1.4 Macquarie Island

Macquarie Island is a sub-antarctic island situated approximately 1 500 km south east
of Tasmania. It is 34 km long and 5 km wide at its widest point [4]. There is an
Australian Antarctic Division station located at the northern end of the Island [] as
shown in Figure Basic space science instruments including magnetometers, an
auroral imager, a digital ionosonde and a riometer are located on Macquarie Island [I0].

Macquarie Island is the only land mass that is near the field of view of the TIGER
Bruny Island radaif] as well as being in the field of view of the Unwin radar.

Hardware modifications have been made to the Bruny Island radar which allow the
radar field of view to be rotated to place beam 14 above Macquarie Island, thereby
allowing for 2D velocity vector determinations for comparison with measurements made

with other instruments located on Macquarie Island.

1.5 lonospheric Heaters

Ionospheric heaters are large radio transmitters that heat the ionosphere by emitting
radio waves that are absorbed in a narrow layer of the ionosphere [3]. HF radio waves
are used since they are absorbed in a narrow range of heights [3] by transmitting at the
plasma frequency of the desired height range [3]. An increase in electron temperature is
also centered around a narrow range of heights [3 [16].

To be able to heat the ionosphere located one hundred kilometres or more above the
Earth a large amount of power must be emitted which results in ionospheric heaters
being expensive to operate [3]. Despite the high cost of both construction and operation
of ionospheric heaters many have been built. The potential scientific returns derived

from controlled studies of the ionosphere are immense.

3This is not strictly true. Antarctica is located within the TIGER Bruny Island field of view but at
an extreme range where the radar measurements are unreliable because of lower power at extreme
range and bad lags in the auto correlation functions

13
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An ionospheric heater is usually a phased array of crossed dipole antennas which allows
for the production of circularly polarised radiation. The HAARP (High frequency Active
Auroral Research Program), (Figure[L.5), SPEAR (Space Plasma Exploration by Active
Radar) and EISCAT (European Incoherent Scatter) Tromsg heaters, for example, are of

this design.

Figure 1.5: The HAARP Ionospheric Heater near Gakona, Alaska. The phased ar-
ray crossed dipole antennas are clearly visible. From: [http://www.haarp.|

[alaska.edyl

Tonospheric heaters change the propagation of radio waves passing through the heated
region [3, [I5] by changing the electron density and temperature. This effect was first
noticed in the 1930’s and is called the Luxembourg effect after the power station at
Luxembourg that was modulating signals from a Swiss station received in Holland [3].

Airglow is also modified by ionospheric heating [3] [4] but there is considerable vari-
ation depending on the auroral electron parameters [I4]. Most airglow modification
tends to occur during F-region heating with airglow from E-region heating being rather
rare [0, [4]. Airglow produced by ionospheric heaters is usually too faint to be visible
to the naked eye and detection requires low light cameras [7, [14]. However HAARP has

recently produced modulation of an existing aurora that was visible to the naked eye [7].

15
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Tonospheric heating can also affect the conductivity of the ionosphere [3, [I6]. This
can allow a heater beam with a low frequency modulation to create an antenna in the
ionosphere which transmits at the frequency of the modulation [3] [I6]. ULF waves have
a higher amplitude due to the electron density being modulated whereas at ELF and
VLF only the electron temperature is modulated and thus mostly the electron Pedersen
conductivity which is a relatively small component of the conductivity is modulated [I6].

Artificial scatter associated with ionospheric heating tends to be of very low spectral
width when observed by SuperDARN radars [0] due to artificial scatter being of high
coherency and lifetime compared to natural scatter [9].

The HAARP conjugate point is located to the east of the default TIGER radar field

of view.

16



2 Phasing Boxes

To rotate the field of view of a SuperDARN radar a phasing box was designed at La

Trobe University to change the phasing of the antenna array and thereby steer the array.

2.1 SuperDARN Radar Beam Steering

SuperDARN radars are HF phased array radars which operate over a broad frequency
range (8 MHz to 20 MHz) [§].

To steer a phased array the signal to each antenna is given a phase shift:

¢ =2 (2.1)

r
A

Figure shows that for a linear antenna array such as that used by a SuperDARN
radar (2.1)) becomes:

d sin(6
b = 2 25180) (2.2)
A
Replacing the wavelength with the frequency gives:
v.,.
¢ = 2m—dsin(f) (2.3)
c
Where (2.3)) can be expressed as a time delay:
dsin(0
ty = sin(0) (2.4)

C
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Note that this time delay is independent of frequency, so the antenna array can be

steered to the same direction at all frequencies, using the same set of time delays.

) —

|

Figure 2.1: A simplified representation of a phased array. d is the separation between two
elements in the phased array, 6 is the desired amount of beam steering, x is
the displacement in the direction of the desired beam that would be needed
to steer the beam if the array were to be physically rotated. Steering a
phased array electronically is accomplished by imitating this extra ‘distance’
for each antenna in the array relative to the one at the end in which the
array is to be ‘turned’.

With SuperDARN radars, beam steering is performed using a phasing matrix (bottom
of Figure which selects the correct combination of time delays to produce 16 beams
separated by 3.24° in azimuth over a field of view of ~ 52° [§]. This thesis describes
an additional phasing box (Figures and used to rotate the field of view of the
radar. A phasing box is a small device using Data Delay Devices 1513 fixed passive delay
lines to add additional delays to the signal that goes to each antenna, thereby providing

additional beam steering to that provided by the phasing matrix.

2.2 Antenna Pattern Calculations

SuperDARN radars produce a main beam that depending on frequency is 2.5° to 6°
wide [§]. However sidelobes are a problem with most antenna arrays.
Since the sidelobes from a phased array tend to get progressively worse the further

away the main beam is steered from the boresight of the array, it is necessary to calculate

18
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phasing box. The phasing matrix is below the phasing box and the BASbox
which performs radar control functions is above the phasing box. Photograph
courtesy Mark Gentile.

the radiation pattern from the array if one is to know whether it is even worth adding

additional beam steering.

Sidelobes tolerable if they are small enough compared to the mainlobe that the con-
tribution to the signal from the sidelobe is small. For this purpose the arraypattern

program was written to calculate the 2D azimuthal radiation pattern of a SuperDARN

radar.

2.2.1 Calculation of Phased Array Radiation Patterns

The array factor was calculated by taking values of the radiation intensity in a circle
around the centre of the array with a 100 km radius to ensure the calculations were

applicable to the far field of the radar.
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Figure 2.3: The inside of the HAARP phasing box. The stacked circuit boards on the
left contain the time delays (black chips) and the relays (red chips). The
control board on the right receives the control signals from the BASbox and
sets the relays to either pass the signal through the delay lines or bypass
them. Photograph courtesy Mark Gentile.

First the phaselength was calculated as:

2
0y = Tﬁ (D + cty) (2.5)

where A is the wavelength of the emitted radiation, D is the distance of the point from
the antenna and t; is the time delay being applied to the antenna the phaselength is
being calculated for.

The phase length was then converted to a complex phasor by:

© = cos({y) +isin({y) (2.6)

The amplitude of the radiation was then computed by summing all 16 phasors and then
computing the magnitude of the total phasor. This was repeated for all azimuthal angles
around the array in steps of one degrees.

To model the array factor for a particular beam number the program used to
compute the required time delays for each antenna with the additional time delays that

a phasing box provided included in the program as an array.

20



The one way power was calculated by squaring the total amplitude and the two way

power calculated by raising the amplitude to the fourth powelﬂ

2.2.2 Approximation of Sabre 608 Antenna Pattern

SuperDARN radars, with the exception of the new Wallops Island radaif? use Sabre
Communications Model 608 Log Periodic antennas in the phased arrays. The radiation
pattern of the array is the array factor calculated previously multiplied by the pattern of
the antennas used. The Sabre 608 antenna pattern was approximated by a cosine squared
distribution around the antenna with a factor to account for the forward directivity.

The backlobe of the Sabre 608 antenna has a power loss (in dB) relative to the main
lobe that is about the same as the transmitted frequency (in MHz) so the front to back
ratio was approximated as:

Ry, = 10f/10000 (2.7)

where f is the frequency in kilohertz (as are entered into arraypattern) and the am-

plitude loss was then obtained by taking the square root of ([2.7]).

2.3 Beam Steering with the MQI Phasing Box

To steer beam 14 above Macquarie Island a rotation of the radar boresight of 9.3° is
needed. A phasing box was built to rotate the field of view of the TIGER Bruny Island
radar 9.3° to the East to allow TIGER measurements to be compared with those made
with instruments on the island.

The antenna patterns calculated when the Macquarie Island phasing box is in use
do show problematic sidelobes on the eastern most beams at 14 MHz (see Figure
which are not present without the phasing box until about 16 MHz. This requires that

campaigns with this phasing box be restricted to frequencies of less than about 12 MHz.

I This is equivalent to squaring the one way power
2The new antenna design has similar performance but is considerably cheaper
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Figure 2.5: The radiation patterns for beam 14 (Macquarie Island beam) of the Bruny
Island radar with the Macquarie Island phasing box in use (black) and not
in use (blue) . (a) is the radiation pattern at 12 MHz where the side lobes
are not problematic while (b) is the radiation pattern at 14 MHz where a
sidelobe become a problem with the phasing box in use.
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2.4 Beam Steering to the HAARP Conjugate Point

For TIGER Bruny Island to detect an inter-hemispheric effect at the HAARP conjugate
point a much greater rotation of 28.5° is required to place beam 12 through the HAARP
conjugate point. As can be seen in Figure[2.7], this places even more severe limitations on
the operating frequency due to the fact that the sidelobes show up at lower frequencies

than with the Macquarie Island phasing box.

135 | ;
' BrunylIsland . ; 180 -40

Invercargill - 45

-
74

Figure 2.6: Bruny Island radar field of view with the HAARP Phasing Box in use. Note
that Beam 12 passes through the HAARP conjugate point. The red areas are
located at the HAARP conjugate point and represent the F region heating
regions for the full HAARP array at 9.9 MHz (inner) and 2.8 MHz (outer).
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Figure 2.7: The radiation patterns along beam 12 (which passes through the HAARP
conjugate point) of the Bruny Island radar with the HAARP phasing box in
use (blue) and not in use (black) . (a) is the radiation pattern at 10 MHz
where there are no large sidelobes while (b) is the radiation pattern at
12 MHz where a sidelobe becomes very large.
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2.5 Beam Steering to Observe F-region above E-region

SuperDARN radars mostly detect F-region ionospheric scatter but some E-region scatter
is detected close in to the radar. If the Unwin radar were rotated by about 4 beams
(12.96°) to the north it would be looking at the F-region scatter located directly above
the E-region scatter detected at close ranges by the Bruny Island radar. This would
allow an investigation of E-region and F-region electrodynamics on the same magnetic

field lines.

135 P
® Bruny Island 40

Invercargill T 45

.......... M'acqu_arie Island

(] _55
HAARP Conjugate.

70

Figure 2.8: Radar fields of view with the E-F Region Phasing Box installed on the Unwin
radar. Note that the equatorward beams of the Unwin radar are overlapping
the near range gates of the Bruny Island radar where E-region scatter is
often observed.
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are no noticeable problematic sidelobes while (b) is the radiation pattern at
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significantly on any other beams.
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3 Testing the Phasing Boxes

Testing the phasing boxes was first performed with the fast_scan radar control program|
and a large schedule file that re-ran fast_scan with different options every two minutes
(specifically, with and without the -bs option that turns the phasing box on). This
process caused a memory leak that eventually rendered the radar operating system
unresponsive.

To remove the limitations of the large schedule file approach for phasing box testing,
a new radar control program pbtest was modified from fast_scan. The wait for minute
boundary was removed and the phasing box was switched on and off at the end of each
full scan. This caused the phasing box to be switched on and off every 48 s instead of
every 2 min, as with the schedule file approach.

Once the data was obtained summary plots were generated and examined for banding
that may occur because of field of view switching. The banding can not be used to
determine how far the field of view has been rotated but can show whether the phasing
box is changing the field of view making it a useful test before further analysis.

After this simple qualitative check a correlation analysis was used on the data to de-
termine how far the field of view was rotated. This was done using the testphasingbox
program which read the data into memory and separated the data into a set taken with

the phasing box off and a set taken with the phasing box on.

lfast_scan performs a scan across the field of view of the radar using a 3 s integration time by default
and starting each scan on a minute boundary
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These two sets were also sorted by beam number to allow the correlation between the
phasing box on and the phasing box off over different beams to be determined. Only
points where the radar recorded scatter with the phasing box on and off at the same range
gate and in adjacent scans were used. Correlation coefficients were computed for power,
velocity, spectral width and the ground scatter flag between different combinations of
beams. The correlation should peak when the angular difference between the beams
being correlated is approximately the same as the field of view rotation of the phasing

box.

3.1 Testing the MQI Phasing Box

A campaign was run on the Bruny Island radar to test the Macquarie Island phasing
box on the 14" of March, 2005. The fast_scan program was run on the radar with the
phasing box switched on and off every two minutes. Enough data was collected during
the approximately 14 hour period the radar operated for the phasing box to be fully
tested.

The Summary Plots showed strong banding on all beams with 30 such bands visible in
one hour which corresponds to a field of view change happening every two minutes. The
Summary Plot along beam 8 showed the strongest banding and is shown in Figure [3.1}

The correlation analysis showed a strong peak at an assumed beam shift of 3 beams
for most radar parameters (as can be seen in Figure . The velocity and spectral
width did not correlate as well as the power regardless of the assumed field of view
rotation. This is most likely due to the velocity fluctuations being of small scale size and
high temporal variability whereas the power of the backscattered signal is determined
by propagation conditions which are more stable. The ground scatter correlations for
velocity and spectral width did not show a clear peak which is likely due to the errors
in the measurements of ground scatter are relatively large compared to the velocity and

spectral width measurements of ground scatter.
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Figure 3.1: The summary plot for beam 8 of the Macquarie Island phasing box test
campaign clearly shows banding indicating an alternating field of view.

From Figure [3.2] we can conclude that the Macquarie Island phasing box is working

and providing the desired amount of field of view rotation.
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box was designed to provide
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3.2 Testing the HAARP Phasing Box

A campaign was run on the Bruny Island radar to test the HAARP Phasing Box on the
23" and 24" of August, 2005. The pbtest program was developed for this campaign.
Using pbtest allowed the test program to run for a full two days and so collect more
data for analysis.

The summary plots for this campaign also showed strong banding on all beams. The

summary plot for beam 0 is shown in Figure
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Figure 3.3: This summary plot enlargement for beam 0 of the HAARP phasing box test
campaign shows the same banding that is evidence of an alternating field of
view.

A correlation analysis was run using testphasingbox but did not appear to show a

clear peak where one was expected. This could be due to the very large amount of field
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of view rotation (28.5°) needed to place a beam through the HAARP conjugate point
but will need to be looked at in further detail or another method used to determine the

amount of field of view rotation.
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4 Dual Radar Measurements Over

MQI

The Macquarie Island phasing box was used to run a number of campaigns to collect

data with the phasing box in use. These campaigns are listed in Table [4.1.  For all

Start Time End Time Scan Mode | Status

2005-04-01 18:00 | 2005-04-08 12:00 | fast_scan | Successful

2005-04-11 18:00 | 2005-04-13 06:00 | fast_scan | Successful, Further analysed

2005-05-05 12:00 | 2005-05-09 06:00 | fast_scan | Failed

2005-05-24 00:00 | 2005-05-26 00:00 | fast_scan | Successful

2005-05-27 00:00 | 2005-05-28 06:00 | fast_scan | Failed

2005-06-05 00:00 | 2005-06-09 00:00 | fast_scan | Successful

2005-07-07 18:00 | 2005-07-12 00:00 | trident Successful

2005-07-13 00:00 | 2005-07-16 00:00 | trident Successful

Table 4.1: Campaigns run with the Macquarie Island phasing box. The fast_scan pro-
gram performs a full scan every minute across the entire radar field of view
while the trident program is a 96 s full scan with 3 s integration time which
produces very high time resolution on a small number of beams by performing
more integrations on those beams.

campaigns which generated data (i.e. not marked as “Failed”) a summary plot was
produced to determine which campaign would be worth analysing in more detail. The
campaign between the 18:00 UT on the 11*® of April and 06:00 UT on the 13" of April
showed large amounts of daytime ionospheric scatter which usually indicates an active
auroral electrojet and so was chosen to be analysed in more detail.

The daytime ionospheric scatter is visible on the Bruny Island summary plot shown

in Figure[4.I Some daytime ionospheric scatter can also be seen in the Unwin summary

plot in Figure but no where near as much due to problems with the Unwin radar.
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Figure 4.1: Summary plot for beam 14 (Macquarie Island beam) of the Bruny Is-
land radar showing the daytime ionospheric scatter between 18:00 UT and
22:00 UT on the 11" of April, 2005.

Between 04:00 UT and 06:00 UT on the 12" of April there was an unusual feature
in the Unwin data at a range of about 450 km and greater which might be caused by
sporadic E or a meteor trail, but there is another trace slightly further away which
approaches it and which may be related. As of yet this feature is not understood and it
is quite possible the merging of the two traces is just a coincidence.

The measurements made during this campaign were mapped to a common grid and
combined to analyse the two-dimensional convection pattern. During this analysis three
types of vectors were used: the raw line of sight vectors (Figure measured by each

radar, the merged vectors (Figure 4.4 created when two raw vectors in a grid cell

35



35
g
= M 27
(0]
& e
% ‘1,"'“ ",,I.\'.l'm.
g e b 11
SO0 St i e g e e T Y ikl B
Velocity ms’
: 1000
g 500
(]
2 0
o
s -500
o i
G | . -1000
LA el T e | g Giround
Spectral Width ms’
3000 — A | 300
£ E
% 2500 - 225
2 2000 ™ ﬂ ‘
T 1500 =" e C 180
% =R '11"“ '.l,\'."”?
g 1000~ ‘ . 75
500E:1'1‘414‘?‘5?.1-'\f‘zﬁ‘i‘-fv‘]‘.‘:a‘-x;::ﬂ‘; i sl s At e gyt e, T o e o
18:00 00:00 06:00

12 Apr, 2005
Universal Time

Figure 4.2: Summary plot for beam 12 (Macquarie Island beam) of the Unwin radar
showing less scatter than the Bruny Island radar.

are combined and the fitted vectors (Figure created by the map potential model
discussed in §1.2

Comparing Figures [4.3] and [4.4] it is clearly seen that only a fraction of the measure-
ments made by each radar could be combined into a merged vector despite there being
abundant line of sight vectors recorded by the Bruny Island radar.

The map potential model on the other hand, allows for the fitting of velocity vectors
and the ionospheric electric potential using every line of sight velocity vector. The details
of the map potential model were discussed in

The map potential model results for 21:50 UT are shown in Figure We can see a
two convection cell pattern over the pole and what may be a new convection cell in the

pre-noon sector of the sub-auroral ionosphere.
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11 Apr 2005 215000 - 215100 UT

Figure 4.3: The raw line of sight vectors recorded by both radars.
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11 Apr 2005 215000 - 215100 UT

Figure 4.4: The merged vectors created by combining line of sight vectors in the same
grid cell. Note the lack of coverage due to most of grid cells only having data
recorded by one radar.
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Figure 4.5: The map potential model showing fitted velocity vectors over the entire re-
gion where line of sight vectors were obtained and the fitted electric isopo-
tential lines, the accuracy of which is doubtful where no data existed to
constrain the fit. Note the convection cell close in to both radars which may

be a new feature.
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5 HAARP Conjugacy Experiment

From the 00:00 UT on the 21% of August, 2005 to 00:00 UT on the 23" of August, 2005
the HAARP phasing box was used to rotate the field of view of the Bruny Island radar
to look at the HAARP conjugate point.

The cont_scan program was run with a 5 beam scan centered around the predicted
HAARP conjugate point and with 3 s integration time giving a full scan every 15 s since
the wait for minute boundary was removed from cont_scan.

The operating frequency of the radar was adjusted interactively but tended to be
about 14 MHz in the day and about 9 MHz at night. Whilst the use of 14 MHz in
the day resulted in large sidelobes this was required to be able to detect scatter at long
ranges during the day and any effect at the approximate range of the HAARP conjugate
point that is correlated with activity at HAARP could be assumed to come from the
mainlobe and not a sidelobe.

The experimental results are shown in Figure [5.1] There was no clear evidence of an
inter-hemispheric effect although there was an unusual increase in the signal to noise
ratio and range width over which the radar obtained an echo (enlarged in Figure [5.2)).
This is believed to have been an instrumental effect due to the fact that the radar had

been rebooted both before and after the anomalous event.
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Figure 5.1: The summary plot for beam 12 of the HAARP conjugate point campaign
does not show any good evidence for an inter-hemispheric effect.
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Figure 5.2: The anomalous increase in power and range width along beam 12 can be
seen clearly in this enlargement. Note the lack of data for a short period
both before and after the anomalous event when the radar was rebooted.
This same effect was visible on all beams.
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6 Summary

The Macquarie Island phasing box is working and providing the intended 9.3° field of
view rotation.

The HAARP conjugate point phasing box is providing a change of the field of view but
the change being provided has not yet been determined. This will have to be analysed
in further detail.

The map potential model is working on TIGER data and may have discovered a new
convection cell in the morning sector sub-auroral ionosphere.

The attempt to detect an inter-hemispheric effect at the HAARP conjugate point does
not appear to have found any effect however this experiment is likely to be subject to

considerable natural variability.

6.1 Future Experiments

The HAARP phasing box test data will need to be analysed in more detail to determine
if it is actually rotating the field of view in the intended manner before there is confidence
in HAARP conjugate point campaigns.

The event analysed with map potential will need to be examined in further detail,
particularly the possible new convection cell in the context of coincident spacecraft re-
sults and ground based magnetometer results. Re-running the map potential model with

data from the Antarctic radars will also better constrain the fitted electric isopotentials.
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The additional capabilities provided by the Macquarie Island phasing box will allow
for improved comparisons between measurements made by instruments on Macquarie
Island with measurements made by the TIGER radars. This may improve studies of
the effects of Travelling Ionospheric Disturbances and Ultra Low Frequency waves in
the ionosphere. Placing Macquarie Island in the field of view of both radars will also
provide a zero velocity Doppler target to improve atmospheric gravity wave studies and
sea state studies.

The experiment to detect inter-hemispheric effects due to HAARP will need to be
repeated many times due to the natural variability inherent in the magnetosphere-
ionosphere system. If an inter-hemispheric effect can be detected it will open up the
possibility of controlled experiments in magnetic conjugacy including measuring the
transfer function for magnetsohpere-ionosphere coupling.

The presence of high powered HF radio transmitters including those used by radio
stations should be considered when choosing the field of view of a new SuperDARN
radar.

The new phasing box that is being completed for the Unwin radar will allow for
comparisons between E and F region scatter on the same field lines. Using both the new
E-F Region phasing box and the Macquarie Island phasing box together will allow for
measurements at even lower magnetic latitudes to be taken which will extend the map

potential model even further equatorward.
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Figure A.1: Radiation Patterns with the Macquarie Island phasing box in use (black)
and not in use (blue). (a) is the radiation pattern for beam 14 (Macquarie
Island beam) at 16 MHz. (b) is the radiation pattern for beam 15 (Most
degraded beam) at 12 MHz, (c) is the radiation pattern for beam 15 at
14 MHz and (d) is the radiation pattern for beam 15 at 16 MHz.
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Figure A.2: Additional radiation patterns. (a) is the radiation pattern for beam 0 with
the E-F region phasing box in use (black) and not in use (blue) at 13 MHz.
(b) is the radiation pattern for beam 12 (through HAARP conjugate point)
with the HAARP phasing box in use (blue) and not in use (black) at 14 MHz.
(c) is the radiation pattern for beam 15 (most degraded beam) with the
HAARP phasing box in use (blue) and not in use (black) at 10 MHz and
(d) is the radiation pattern for beam 15 with the HAARP phasing box in
use (blue) and not in use (black) at 12 MHz.
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B Phasing Box Time Delays

Antenna | Ideal Delay | Rounded | 1% | 22 | 3 | Total | Error
0 0.0 0 0 0.0
1 8.2 7.5 51| 2.5 7.5 -0.7
2 16.4 175 15| 2.5 17.5 1.1
3 24.6 25| 25 25 0.4
4 32.8 32.5 | 30| 2.5 32.5 -0.3
5} 41.0 40 | 40 40 -1.0
6 49.3 50 | 50 50 0.7
7 57.5 57.5 | 50 5125 57.5 0.0
8 65.7 65 | 60 ) 65 -0.7
9 73.9 751 60| 15 75 1.1

10 82.1 82.5 | 80| 2.5 82.5 0.4
11 90.3 90 | 80 | 10 90 | -0.3
12 98.5 100 | 100 100 1.5
13 106.7 107.5 | 100 51 2.5 ] 107.5 0.8
14 114.9 115 | 100 | 15 115 0.1
15 123.1 125 |1 100 | 25 125 1.9

Table B.1: Ideal time delays to place beam 14 above Macquarie Island and the time
delays actually used (in ns).
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Antenna | Ideal Delay | Rounded | 1%t | 274 | 34 | 4*%h | Total | Error
0 0.0 0 0 0.0
1 24.3 25| 25 25 0.7
2 48.5 47.5 | 40 5| 2.5 47.5 -1.0
3 72.8 725 60| 10| 2.5 72.5 -0.3
4 97.0 975 | 80| 15| 2.5 97.5 0.5
5! 121.3 12251100 | 20| 2.5 122.5 1.2
6 145.5 145 | 100 | 40 5) 145 -0.5
7 169.8 170 | 100 | 60 | 10 170 0.2
8 194.1 1951100 | 80| 15 195 0.9
9 218.3 217.5 | 100 | 100 | 15| 2.5 | 217.5 -0.8

10 242.6 242.5 1 100 | 100 | 40 | 2.5 | 242.5 -0.1
11 266.8 267.5 | 100 | 100 | 60 | 7.5 | 267.5 0.7
12 291.1 290 | 100 | 100 | 80 | 10 290 -1.1
13 315.3 315 | 100 | 100 | 100 | 15 315 -0.3
14 339.6 340 | 100 | 100 | 100 | 40 340 0.4
15 363.8 365 | 100 | 100 | 100 | 60 360 -3.8

Table B.2: Ideal time delays to reach the HAARP conjugate point and the time delays
actually used (in ns).

Antenna | Ideal Delay | Rounded | 1%t | 274 | 3*4 | Total | Error
0 171.0 170 | 100 | 60| 10| 170 | -1.0
1 159.6 160 | 100 | 60 160 0.4
2 148.2 147.5 |1 100 | 50 150 1.8
3 136.8 13751100 | 25| 10| 135| -1.8
4 125.4 125 | 100 | 25 125 -0.4
) 114.0 115 | 100 | 15 115 1.0
6 102.6 102.5 | 100 | 2.5 102.5 -0.1
7 91.2 90 | 80| 10 90 | -1.2
8 79.8 80 | 80 80 0.2
9 68.4 67.5 | 60 5125| 67.5| -0.9

10 57.0 57.5 | 50 5125| 575 0.5
11 45.6 45 | 40 5 45 | -0.6
12 34.2 351 30 5 35 0.8
13 22.8 22.5 | 20| 2.5 22.5 -0.3
14 11.4 125 | 10| 2.5 12.5 1.1
15 0.0 0 0 0.0

Table B.3: Ideal time delays to rotate Unwin to look at F Region scatter above Bruny
Island E Region scatter and the time delays actually used (in ns).
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C Phasing Box Circuit Diagrams
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Figure C.1: Circuit diagram of one of the 20 paths a signal passes through the phasing
box. The top shows that with the relay on the signal passes through the
three delays lines shown and bypasses them with the relay set to off. The
bottom is the relay control circuitry.
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Figure C.2: Circuit diagram of the control circuit that receives commands from the BAS-
box to turn the phasing box on and off and reads the current status of the
phasing box back to the BASbox.
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Figure C.3: Circuit diagram of the power supply unit for a phasing box.
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Figure D.1: Enlargement of Macquarie Island phasing box test for beam 8 between

4:00 UT and 5:00 UT.
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Figure D.2: Enlargment of Macquarie Island phasing box test for beam 8 between
10:00 UT and 11:00 UT.
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Figure D.3: Summary plot of entire HAARP phasing box test campaign for beam 0.
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