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ABSTRACT

SYSTEM IDENTIFICATION WITH PARTICULAR INTEREST ON THE
HIGH FREQUENCY RADAR UNDER IONOSPHERIC DISTURBANCES

BUYUKPAPUSCU, Siileyman Olcay
M.S., Department of Electrical and Electronics Engineering
Supervisor: Prof. Dr. Ersin TULUNAY
Co-Supervisor: Prof. Dr. Yurdanur TULUNAY

February 2007, 69 pages

We have been actively involved in the research and management activities of
European Co-Operation in the Field of Scientific and Technical Research (EU
COST) actions such as COST 238 Prediction and Retrospective Ionospheric
Modeling over Europe (PRIME), COST 251 Improved Quality of Service in
Ionospheric Telecommunication System Planning and Operation, COST 271
Effects of the Upper Atmosphere on Terrestrial and Earth-Space Communications,
COST 296 Mitigation of Ionospheric Effects on Radio Systems (MIERS) and
COST 724 Developing the Scientific Basis for Monitoring, Modeling and
Predicting Space Weather.

In this thesis High Frequency (3-30 MHz) (HF) radar system under ionospheric
disturbances has been identified globally and some operational suggestions have
been presented. The use of HF radar system is considered from the identification of
ionospheric propagation medium point of view. Doppler velocity is considered as
the characteristic parameter of the propagation medium. ap index is chosen as the
parameter for disturbance characterization due to geomagnetic storms in the

ionosphere.

v



The main difficulty is the scarcity of data, which is rare and confidential. Therefore

semi-synthetic data are generated.

Dependence of Doppler velocity and group range of the echo signal on ap index is

examined and some details of dependence are studied and demonstrated.

Thus, effects of space weather on the ionosphere and as a result on HF radar wave
propagation are displayed. These results are examples of system identification. This

can be used in communication system planning and operation.

Keywords: High Frequency Radar, Ionospheric Disturbances, Ionospheric

Backscatter, Magnetic Indices.
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IYONKURESEL DUZENSIZLIKLER ALTINDA YUKSEK FREKANSLI
RADAR OZELINDE DiZGE TANIYIMLAMA

BUYUKPAPUSCU, Siileyman Olcay
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii
Tez Yoneticisi : Prof. Dr. Ersin TULUNAY
Ortak Tez Yoneticisi: Prof. Dr. Yurdanur TULUNAY

Subat 2007, 69 sayfa

Bilimsel ve Teknik Arastirma Alaninda Avrupa Isbirligi (EU COST) gergevesinde
gerceklestirilen arastirma ve yonetim eylemlerinde etkin olarak yer almaktayiz. Bu
eylemler COST 238 Avrupa Uzerinde Kestirimsel ve Gegmisi Iceren Iyonkiiresel
Benzekleme (PRIME), COST 251 lyonkiiresel Uzaktan iletisim Dizge Planlamasi
ve Isletiminde Servis Niteliginin Iyilestirilmesi, COST 271 Ust Atmosferin Yersel
ve Yer-Uzay lletisimine Etkileri, COST 296 Iyonkiirenin Radyo Dizgeleri
Uzerindeki Olumsuz Etkileri ve En Aza indirilmeleri (MIERS) ve COST 724 Uzay
Havasinin Izlenmesi, Benzeklenmesi ve Ongoriisii igin Bilimsel Temellerin

Gelistirilmesi olarak siralanabilir.

Bu calismada iyonkiiresel diizensizlikler altinda Yiiksek Frekansli (3-30 MHz) (YF)
radar dizgesi kiiresel olarak taniyimlanmis ve isletim Onerileri sunulmustur. YF
Radar dizgesi iyonkiiresel yayilim ortami nitelendirilmesi agisindan ele alinmustir.
Doppler hiz1 ortamin belirleyici yayilim 6zelligi olarak ele alinmistir. ap dizini
manyetik firtinalarin iyonkiirede yol ac¢tig1 diizensizlikler i¢in bir gosterge olarak

secilmistir.

Bu calismadaki ana gii¢lilk, ¢cok az olmasi ve gizli olmasi sebebiyle veri

Vi



bulunamamasidir. Bu nedenle ¢alismada yari-yapay veri olusturulmustur.

Doppler hizinin ve grup uzakligimin ap dizinine bagliligi incelenmistir ve bu

bagliligin ayrintilar1 ¢alisilmis ve gosterilmistir.

Boylece, uzay havasimin iyonkiire ve sonug olarak radar dalga yayilimina etkileri
gosterilmistir. Bu sonuglar dizge taniyimlamasi i¢in orneklerdir ve iletisim dizge

planlama ve isletiminde kullanilabilirler.

Anahtar Kelimeler: Yiiksek Frekansli Radar, Iyonkiiresel Diizensizlikler,

Iyonkiiresel Geri Yansimalar, Manyetik Dizinler.
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CHAPTER 1

INTRODUCTION

1.1 Problem Definition

High Frequency (HF) (3-30 MHz) Radar is an important system. HF radars are
sometimes called as over-the-horizon (OTH) radars because of their capacity to
receive target echoes over much longer distances than microwave radars, which are
restricted to distances defined by the line-of-sight or the horizon [1]. The most
common type of HF radar operates in the sky wave mode, which receives radar
echoes through reflection from the ionosphere. HF radar can also operate in the
surface wave mode, which provides coverage in the order of several hundred

kilometers [2].

Main HF Radar applications include navigation, reconnaissance and surveillance.
HF radar has been used in various fields such as sea transport, disaster management
and defense. HF radar is a very important tool for environmental characterizations
such as, sea surface characterization, characterization of near Earth space, space
weather, ionospheric state and propagation conditions. Communications system

planning and operation is possible by the help of the HF Radar.

1.1.1. Ionospheric Backscatter

HF Radar can detect direct backscatter from ionospheric irregularities, but it also
detects backscatter from signals that are reflected from the ionosphere down to the
sea or ground and backscattered, so they return to the radar again via the
ionosphere. The characteristics of all these echoes can be used to study the HF
propagation. This information can then be used to examine the accuracy of

ionospheric models used to predict HF propagation characteristics for HF users.



The echo signal return from the ionospheric irregularities and from ground has
characteristic line-of-sight Doppler velocities. E and F region echo velocities are too

much higher than the velocities of the echo signal from the Earth surface [3], [4].

Echoes from the ionospheric irregularities have close correlation with geomagnetic
activity [4] and the radars tend to observe ionospheric echoes more frequently with

the increase of the geomagnetic activity.

In this thesis, effects of space weather on the ionosphere and as a result on HF radar
wave propagation are displayed. This can be used in communication system

planning and operation.

1.2 Scope of the Thesis

In this thesis, HF Channel is considered as a system which involves various

physical and chemical processes

The aim of this study is to relate HF radar wave propagation to magnetic indices,
which may be considered as the disturbances to the system and give some
suggestions for HF radar planning and operation. For this purpose the data which

are generated semi-synthetically from an HF Radar experiment is used.

1.3 Outline of the Thesis

In Chapter 2, general information about Ionosphere, HF communication, near Earth

space and space weather are presented.

In Chapter 3, general information about HF radars and associated terminology,
TIGER HF radar, related experiment and ap index are presented. Then the

generation of the semi synthetic ionospheric backscatter data is explained.

In Chapter 4, identification of the HF propagation medium under ionospheric

disturbance is presented.



In this chapter,

1. The dependencies of ionospheric backscatter observance and the group

ranges of these backscatters on ap index is observed.

2. These dependencies are examined in terms of correlation and histogram.

3. By the help of the experimental studies and an ionospheric model, the
dependency of the propagation characteristics of the medium on the ap

index is presented.

In Chapter 5, some suggestions for the HF radar planning and operation are given
by considering the differences between the high latitude, mid-latitude and low
latitude ionosphere, ap prediction methods and the seasonal and solar cycle

variations of Kp and ap indices.



CHAPTER 2

SPACE WEATHER

2.1 Ionosphere

The lonosphere is an upper region of the Earth’s atmosphere containing a small
percentage of free electrons and ions produced by photo ionization of the
constituents of the atmosphere by solar ultra-violet radiation and X-rays. At lower
levels of the Earth’s atmosphere, radiation has been almost entirely used up so that
the degree of ionization is small so, at this level (near the ground), the atmosphere
is said to be neutral [5]. That is, it is not ionized and it is comparably almost non-
conductive. But at some level neutral density and radiation intensity results the

highest ion production rate [6]. This is illustrated in Figure 2-1.

ion production

K x‘(vrate \
B radiation

intensity

neutral
density

altitude

Figure 2-1 Ion Production Rate



2.1.1 Ionospheric Layers

The total population of ions and electrons is distributed throughout the ionospheric
region. The lower boundary of the ionosphere lies at heights of about 55 km above
the Earth. The concentration of electrons increases irregularly, with height to
maximum at elevations of 200-600 km, above that, the concentration decreases

again, but more slowly and over a much greater height span.

Ionosphere has a layered structure with distinct maxima of electron density
occurring in layers called D layer, E layer, F layer and F2 layer [7], [8], [9]. The D
region is present only during daytime. The altitude of the peak density is normally
around 90 km, but this may decrease to 78 km when the solar X-ray flux is
enhanced. The E region peak density occurs at altitude of 110 km. At sunset, the E
region electron density drops by a factor of 10 or more in a short period (tens of
minutes) before reaching a night time equilibrium density [8]. It mostly disappears
but does not vanish at night; a weakly ionized layer remains [9]. The sporadic E
region (Es) is transient, localized patches of relatively high electron density in the E
region. Es significantly affects radio wave propagation because it may reflect
signals that would otherwise penetrate to the F region. Es can occur at almost any
time of the day [10]. Very Low and Low Frequency (VLF/LF) waves are reflected
from D region during daylight and lower E region at night. On the other hand, at
night, Medium Frequency (MF) sky waves can propagate with little attenuation but
during the day they are attenuated by the D region [9]. The F region is a
combination of two different regions. The F1 region has an altitude peak near 200
km, but is absent at night [8]. The F2 layer has the greatest concentrations of
electrons of any layer, and therefore it is the most important region for HF waves

[9]. It has a peak near 300 km during the day, and at higher altitudes at night [8].

The electron density profile of the ionospheric layers with additional dependence on
diurnal and solar cycle variation is explained in [10] and this situation is illustrated

as in Figure 2-2 [10].
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Figure 2-2 Electron Density Profile

2.2 HF Communications

The HF band of the electromagnetic spectrum extends from 3 to 30 MHz,
corresponding to a wavelength range of 10 to 100m. Radio communications using
this frequency band is referred to as HF communications. Many services have
frequencies allocated in this band such as Local/International Broadcast, Amateurs,
Standard Frequencies, Maritime and Land Mobile, Point-to-Point Communications,
Industrial, Scientific, Medical Diathermy, Aero Fixed, Citizens’ Band. The band is

also used for ionospheric sounding and over-the-horizon surveillance.



for HF radio waves are given in [11] as illustrated in
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Surface wave, where the waves propagate along the surface of the Earth, and sky
wave, where the waves are reflected back to Earth from the ionosphere are the two

major propagation mechanisms exist for radio waves in the HF band [11].

2.2.1 Ionospheric Propagation

Possible propagation paths

Figure 2-3 [11].

Figure 2-3 Propagation Paths




Some of the terms which are relevant to the subject of this thesis are clarified

below::

Propagation in which the direct ray from the transmitter to the receiver is
unobstructed is called Line Of Sight (LOS) propagation. In other words, the
transmission path is not dependent on reflection or refraction. Typically range of
LOS is less than 30 km [12]. HF radio waves are capable of propagating beyond the
LOS.

HF radars can measure the LOS Doppler Velocity of the reflecting media. The

Doppler velocities of the reflecting media are calculated by the equation 2-1.

(e[ & )
Vi _@( f} @-1)

where ¢ (m/s) is the speed of light in vacuum, Af (Hz) is the observed shift in
frequency, and f (Hz) is the transmitter frequency [13]. Note that Af is also called as
Doppler shift.

For the application of radar, the group range, or group path, is obtained as follows:
GroupRange = [%j X td (2-2)

Where tq4 is the time delay of the echo and ¢ (m/s) is the speed of light in a vacuum

[14].

The area around a radio station which cannot normally be worked by either ground
waves or normal ionospheric sky waves is called as blind zone is. This zone is also
called the "skip distance" by the US Military [15]. Schematic of the blind zone is

shown on Figure 2-4



transmitter

Skip distance

Figure 2-4 Schematic Ray Paths for an Ionospheric Layer

Ionosphere can be grouped in to three parts in latitudes with respect to the

geomagnetic activity;

High Latitude lonosphere refers to latitudes between 50° to 80° geomagnetic, Mid-
Latitude lonosphere refers to latitudes between 20° to 50° geomagnetic, and Low-

Latitude lonosphere refers to latitudes between 0° to 20° geomagnetic [16].
2.2.2 Ionospheric Models and Ray Path Calculations

Ionospheric models which give analytical solutions for parameters of the ray tracing
algorithms are very useful for HF propagation system planning and operation. Thus,
effective modeling of the ionosphere together with accurate ray tracing algorithms

is very important for identification of the ionospheric propagation modes.

There are more than fifty HF propagation analysis & prediction software

programs which use various ionospheric models. These software programs are



called HF propagation models. The International Reference Ionosphere-2000 (IRI-
2000) [17] and Multiple Quasi-Parabolic Segment Model (QPS) [18] are two
examples for the ionospheric models and The Voice of America Coverage Analysis
Program VOACAP [19] and The Ionospheric Communications Enhanced Profile
Analysis and Circuit Prediction Program ICEPAC [19] are two examples of the

propagation prediction computer programs.

As an example for modeling of the ionosphere together with ray tracing algorithms,
in [20], Nozomu Nishitani and Tadahiko Ogawa calculate the possible ionospheric
backscatter echo area for mid-latitude HF radar by using a versatile three-
dimensional ray tracing algorithm [21] plus IRI-2001 ionospheric model. Another
example is that, in [22], Dyson, Norman and Parkinson showed the synthesized
backscatter ionogram of the expected group range of the sea or ground echoes
versus frequency. They used the QPS model ionosphere by using the procedures
recommended by the International Radio Consultative Committee (CCIR) [23]. A

figure of this ionogram will be presented in section 4.3.1.

2.3 Near-Earth Space

Near-Earth Space is the space between the Earth and Sun. This space is not empty,
but filled with energetic particles, most of which are generated in the solar
atmosphere. Temperatures of a few million degrees accelerate a stream of these
particles, called the solar wind, to roughly one million miles per hour. Near Earth
space processes are highly complex in nature being nonlinear and time varying with
the parameters open to the effects of random variations in the Near Earth space such
as the solar activities [24], [25]. Near-Earth Space weather phenomena could best

be understood by the interaction between the Earth’s and Sun’s magnetic fields.

Understanding of the Near-Earth Space environment is very important to observe
and forecast “space weather” and its effects on space-based and ground-based

technological systems [26].
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2.4 Space Weather

Space Weather is defined by the U.S. National Space Weather Program (NSWP) as:
“conditions on the Sun and in the solar wind, magnetosphere, ionosphere, and
thermosphere that can influence the performance and reliability of space-borne and
ground-based technological systems.” [27]. Another definition of the Space
Weather is given by The National Oceanic and Atmospheric Administration/Space
Environment Center (NOAA/SEC) as a “consequence of the behavior of the sun,
the nature of the Earth’s magnetic field and atmosphere.” [16]. Effects of Space
Weather on ground-based systems, satellites and spacecraft systems are briefly

summarized in [27].
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CHAPTER 3

HF RADAR AND GENERATION OF RELEVANT DATA

3.1 HF Radars

HF Radars enable the detection of targets beyond the LOS. These radars operate
either in sky wave mode or surface wave mode. The former can operate to ranges of
1000-4000 km, the latter operates to ranges of 10-400 km. Applications of HF
radars include ship detection, aircraft detection, iceberg detection, repeater tracking
and remote sensing of sea surface currents, winds and waves [28] and also

ionospheric irregularities.

3.1.1 History

German physicist Heinrich Hertz discovered electromagnetic waves in 1887. The
principle behind radar based on the electromagnetic wave propagation was
described by the American Hugo Gernsback in 1911 [29]. In 1931, Butement and
Pollard proposed a coastal defense radar system to the British War Office [30].
Radar was used successfully for the first time to detect aircraft in 1934 by the

French scientist Pierre David [29].

In 1937, the first operational HF radars of the Chain Home series were
demonstrated by UK and they played an important role during World War II for the
air defense of Britain during the war. HF radars indicated returns from extreme
ranges, due to ionospheric reflection beyond the horizon. But they were designed as
line-of-sight radars and long-range backscatters from the distant ground via an
ionospheric reflection were generally only a source of confusion [30]. So, instead of
considering its usefulness, it was actually considered a national security risk and

radar systems had to be quickly relocated to frequencies free from backscatter

12



because backscatter causes false indications of a missile attack [13].

After the World War II, US Naval Research Laboratory experimented in HF radar
considering the ionospheric propagation and recognized that HF radars can be
useful for the discrimination of targets against the inevitable ground backscatter
must be provided through signal processing and towards the end of 1961; their
works resulted in the first HF radar detections of air targets [30]. In addition to this,
in the early 1990's, many HF military radar systems were transformed into HF
Doppler weather radar stations and used to search the mechanism of backscatters

from ionosphere [13].

3.1.2 HF Radar and Associated Terminology

To understand the space weather it is necessary to develop and deploy observational
techniques that can observe large areas in the ionosphere. HF radar, operating in the

sky wave mode is one such technique [31].

Because of the dynamic nature of the high-latitude ionosphere, small-scale (<100m)
ionospheric irregularities, which are aligned along the Earth magnetic field
direction, occur and these irregularities cause the HF radio waves to backscatter
[22]. But, for an HF radar wave to backscatter; the ray must be perpendicular to the
local magnetic dip angle. HF Radars can detect echoes backscattered by these

irregularities whenever they occur within the radar beam. [22].

HR radar signal is refracted and partly backscattered by the small- scale electron
density irregularities in the ionosphere as shown in Figure 3-1 [22], [32]. Since at
high latitudes the Earth's magnetic field lines are almost vertical, ionospheric scatter
echoes are detected by HF radars at ranges approximately equal to 0.5 and 1.5 times
the range of backscattered ground or sea single hop echoes as shown in Figure 3-2

[31].
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Another important factor which affects the observance of ionospheric backscatter is
the presence and absence of ionospheric field-aligned irregularities (FAI) of the
spatial scale of A/2, where A is the wavelength of the radar HF wave [20]. This
condition is illustrated in Figure 3-3. Without this spatial scale, the radar HF waves
are not backscattered even if the perpendicularity condition is satisfied in the

ionosphere [31].

field vector,
B

i
AN

scaterred
incident signal
signal

Figure 3-3 Radar Scatter from Ionospheric Irregularities
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Normally, the HF radars measure the velocity of these FAIs. So the ionespheric
backscatter occurrence gives important information about the distribution of FAIs
and their generation mechanisms [3]. The subauroral F region ionosphere is one of
the active sources of FAIs and therefore a good target for coherent scatter radars

[45].

The complex interaction of the solar wind and Interplanetary Magnetic Field (IMF)
with the magnetosphere causes a wide variety of phenomena. As the solar wind
blows across the connected field lines, a current is generated and the magnetic field
lines provide excellent conduction paths down into the ionosphere, allowing the

current to discharge through the high-latitude ionosphere [31].

The electric field across the magnetosphere is directed from dawn to dusk and,
causes an EX B convection flow in the ionosphere [4]. As discussed in [3] and [4]

at the high latitude F region, velocity of the FAIs is in the direction of EXB and

proportional to:

EXB

—_— 3-
B.B G-D

During geomagnetic disturbances, the electric fields and particle populations which
characterize the auroral region expand equatorward and their effects are felt at
previously subauroral latitudes. Ionospheric backscatter echoes detected from these

regions have characteristic Doppler shifts indicative of the FAIs [33].
3.2 TIGER HF Radar
3.2.1 Radar Information

The Tasman International Geospace Environment Radar (TIGER) is dual HF
ionospheric radar system operating at oblique incidence. These HF Radars examine

the ionosphere between Tasmania and Antarctica [31]. TIGER can detect direct
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backscatter from ionospheric irregularities as well as detects echoes from signals

that are reflected from the ionosphere down to the sea, and then backscattered [22].

TIGER is a part of the Super Dual Auroral Radar Network (SuperDARN).
SuperDARN is a global-scale network of HF and VHF radars [34]. These radars are
capable of sensing backscatter from ionospheric irregularities in the E and F-
regions of the high-latitude ionosphere [35]. SuperDARN radars probe the southern
and northern high-latitude ionospheres to study the high-latitude ionosphere [22].
TIGER is located at lower geomagnetic latitude than other SuperDARN radars. So,
it can extend the SuperDARN technique to the subauroral region [31].

The first TIGER radar is installed at Bruny Island, Tasmania (147.2°E, 43.4°S,
geographic; -54.6°A geomagnetic) and it has been operational since November
1999 [22]. 1t is also called as TIGER-Bruny Radar. The second one is located on
the South Island of New Zealand near the city of Invercargill (167.7°E, 46.2°S,
geographic), began operation in November 2004. It also called as TIGER-Unwin
Radar [36], [37].

Figure 3-4 shows the field of view of the TIGER radars. This figure is taken from
[31] and [38]. The straight lines show the 16 azimuthal directions scanned by the
~3° azimuthal beam of each radar. The solid curved lines show the geomagnetic

latitudes whereas; the dotted lines show the geographic latitude and longitude [38].
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Figure 3-4 Field of View of the TIGER Radars

Radars use an array of 16 log-periodic antennas and cover 52° of azimuth by

sequentially stepping through 16 beam directions [39].

TIGER Radar specifications are given in Table 3-1 [38].
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Table 3-1 TIGER Radar Specifications

Frequency Band 8 —20 MHz

Tx/Rx Array: 16 horizontally polarized log-periodic

Antenna Arrays ; . T
2nd Rx Array: 4 horizontally polarized log-periodic

Horizontal: 40 at 10 MHz, 30 at 14 MHz, 20 at 18 MHz

Beam Widths 5

Vertical: 50
Lobe Levels < -14 dB for both back and side lobes
Transmitters 16 x 600 W (one per antenna in Tx/Rx array)
Total Peak Power | 9.6 kW
Mean Power 200 W
Radiated Power 12.5 W in main beam direction

Pulse pattern repetition rate: 50 or 100 ms
Pulse width 300 ps

Tx signals Bandwidth 10 kHz at —-20 dB

Duty cycle 2.1%

=
Carrier frequency stability better that 10 per day

3.2.2 TIGER HF Radar Experiment

TIGER Radars are much closer to the south magnetic pole than the south
geographic pole. Because of the locations, radars are appropriate to monitor the

interaction of the Solar Wind with the Earth's magnetic field [36].

TIGER radars can detect small-scale magnetic field-aligned ionospheric
irregularities in the high-latitude ionosphere as well as backscatter from the Earth’s
surface [37]. Radars are capable of determining the echo power, group range,

Doppler spectrum, and the azimuth and elevation angles of arrival [31].

Radars can operate in the frequency range 820 MHz, but due to both license
restrictions and determine the interference free frequency band, operation frequency
change automatically to provide the best coverage of ionospheric scatter [37], [31].

In this thesis, data from the Bruny Radar are used. For the dates which are used in
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this thesis, Bruny Radar operates mainly at two frequency bands; about 11 MHz

and about 14 MHz.

TIGER is a pulse radar [38] and use short pulses to obtain high range resolution but
the pulse repetition frequency (PRF) is limited by the range ambiguity [28]. It
means that if the PRF is lower, the range the radar identify the echo velocity is
greater, but a low PRF, will cause aliasing of the Doppler spectrum and ambiguity

in the determination of echo velocities [38].

Ionospheric velocities cause Doppler shifts higher than 100 Hz, requiring the radar
to sample at least at 200 Hz. If a regular pulse train is used, the corresponding range
window would be 750 km. This range is very short, because many echoes are
returned from distances up to 2000 km [31]. So TIGER Radars must use lower
PRF. TIGER Radars use a sequence of pulses as shown in Figure 3-5 at different
spacing that are multiples of a minimum spacing to overcome the range-Doppler

ambiguity [38].
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Figure 3-5 TIGER Radar Pulse Sequence
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The pulse integration time is commonly 7 s [31] and the pulse length is about 100
ms [38]. Radars can calculate the autocorrelation functions of echoes with 75 range
gates starting at 180 km and separated by 45 km [37] by means of the 16 element
transmit/receive antenna [31]. Radars also calculate the cross correlation functions
for the echoes detected with the 4 element receive-only antenna [31]. Thus, radars
can estimate the echo power in logarithmic units of signal-to-noise ratio (dB), LOS
Doppler velocity (m/s), and the Doppler spectral width (m/s), for all ranges on
every beam [37]. The Doppler velocity characteristics of the echoes are used to

determine whether they come from the sea or ionosphere [31].

Figure 3-6, taken from the open source [40], shows a daily summary plot of echo
power, LOS Doppler velocity and Doppler spectral width for the single antenna
beam direction of Bruny Radar on 13 May 2001.
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Figure 3-6 Bruny Radar Summary Plot on 13 May 2001
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The range scale of the plots in Figure 3-6 is given in range bins, where one range

bin equals to 45 km. The time scale is given in Universal Time (UT).

3.3 Generation of Semi-Synthetic Data

3.3.1 Ionospheric Backscatter

F layer is very important for shortwave communication and the HF sky wave radar,
and in most cases it is the reflection layer for long distance communication [41]. In
addition to this, F layer is one of the most important layers of the ionosphere as far
as scattering is concerned. Irregularities in the F layer are magnetic-field aligned
and scattering from these irregularities is strongest when the incident beam is
perpendicular to the magnetic field [42], [43]. This perpendicularity often occurs

because of refraction of the radio beam in the F layer [42].

When the HF radar is considered, the main difficulty is the scarcity of data, which
is rare and confidential. Since, we could not obtain the raw data from the TIGER
HF Radar experiment, semi-synthetic data are generated from the TIGER summary

plots.

From now on, throughout the thesis, only the Bruny Radar is considered.

Summary plots (i.e., Figure 3-6) contain three figures; each of them contains range
bin-time-parameter plots. From the top plot to bottom plot, the parameters are echo

power, echo velocity and echo spectral width respectively.

As discussed in Section 1.1.1, the echo signal return from the ionospheric
irregularities and from ground has characteristic LOS Doppler velocities. F-region
echoes have velocities up to 875m/s and velocity of the E-region echoes is up to
200m/s. On the other hand, ground backscatter LOS Doppler velocities are less than
50m/s [3], [4]. In addition to this, ionospeheric echoes have higher Doppler spectral

width than the ground echoes, i.e., Doppler spectral width of the ground echoes are
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typically less than 20m/s [39]. So, it is possible to differentiate the backscatter from
ionosphere to backscatter from surface of the Earth whenever it occurs in a radar

beam.

The parameters in the range bin-time-parameter plots are the third dimension of the
plots and shown with the color bars. LOS Doppler velocity change between -875
m/s to +875 m/s with respect to the color bar in the plot. Positive Doppler velocity
means the scaterrer moves toward the radar and negative means away from the
radar [44], [45]. The sign of the Doppler velocity does not affect the determination

of the ionospheric backscatter.

F layer is very important for HF radar applications. Magnetic field lines are vertical
in the high latitude ionosphere and the irregularities are field aligned in the F layer.
Thus, in this thesis, backscatter signals from F layer take an important role for the

identification of the propagation medium.

But the main constraint for the generation of semi-synthetic ionospheric backscatter
data is the resolution of the figures and the step size of the color bar. Thus,
velocities higher than ~ (+250) m/s and lower than ~ (-250) m/s can be
distinguished from the velocities of the backscatters from the Earth surface and
from the E layer. The color bar is in 125 m/s steps, therefore by considering the
error of the velocity measurement, velocities higher than ~ (+190) m/s and lower
than ~ (-190) m/s can be distinguished from the velocities of the backscatters from

the Earth surface and from the E layer.

Since the radar can calculate the group ranges of echoes with 75 range gates starting
at 180 km and separated by 45 km, error of the group range measurement is
approximately + 25 km and the calculated group ranges from the summary plot is

given below:

group range = (range _gate)*45+180 % 25 (in km) (3-2)
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Since, in this thesis only the range bin-time-echo velocity plot is considered, Figure

3-7 shows the range bin-time-echo velocity plot of the Figure 3-6.

Tlger (Tas) RANGE-TIME—PARAMETER PLOT

ic: an 301 401 B G0 70

HEAM: 1 BATE: 13 May,/ 01

Attanualfan 48

'a—“:o—:”:?:np—:“‘:;%&uﬂzumnmuen MHT

Gl By Mm,&me et
k3 8 9 7 '-rp'"e}glgcll.y
LINNEF'S-kL TIKWE

éllllll@m

RAMGE HIN

Figure 3-7 Bruny Radar Echo Velocity Plot on 13 May 2001

When the signatures of the echo velocities between (+190) m/s and (-190) m/s are
excluded from the figure and the figure is plotted again, Figure 3-8 is obtained.
Note that, Figure 3-8 contains only the signatures of the echo velocities higher than

(+190) m/s and lower than (-190) m/s.
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Figure 3-8 Bruny Radar Filtered Echo Velocity Plot on 13 May 2001
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From Figure 3-8, we can conclude that, a patch of ionospheric echoes between the
group ranges of approximately 1950-2900 km is evident from 23-24 UT. A patch of
ionospheric echoes between the group ranges of 1050-2630 km is also evident from
04-05 UT. But, the intensity of the color indicates that number of ionospheric
echoes between 22-24 UT is higher than the number of ionospheric echoes between

04-05 UT.

For identification of the intensity of the color, in other words, the number of
ionospheric echoes, the number of pixels of the colored (i.e., not white) area inside
the red rectangle of Figure 3-9 can be counted. The result gives a symbolic number
which accounts for the “number of ionospheric backscatter observance”. For
simplicity and convenience, the result can be grouped in 1h interval. Therefore, for

one day duration, an array consisting of 24 elements is constructed.
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Figure 3-9 Bruny Radar Filtered Echo Velocity Plot-2 on 13 May 2001

The difference in the number of ionospheric backscatter observance for the two

different hour interval can be understood better as follows;
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Figure 3-10 shows the plot of the number of ionospheric backscatter observance for
13 May 2001 with respect to the UT. For example, the value of the number of
ionospheric backscatter observance at 05 UT is 242. It means that there are number
of 242 colored pixels from 04-05 UT. But there are number of 332 colored pixels
from 23-24 UT.
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Figure 3-10 Number of Ionospheric Backscatter Observance on 13 May 2001

In this thesis, summary plots from [40] for 335 days between 29 March 2001 and 26
February 2002 are used for data analysis. Since between 13 August 2001 and 22
August 2001 and between 8 February 2002 and 11 February 2002 is missing in
[40], the data base of this thesis contains 321 days.

Plot of the number of ionospheric backscatter observance for this interval is shown

in Figure 3-11.

26



+

100

+

oy
F *

E0f

o
L 550 T T T T T T T T
= ;
< s00 y 2
O +
G A50 B
¥l

*
g o . . . 7
m +
(O 3B0p * - ¥ 4 7]
— + * & . ¥
ﬁ SDD:" ot - + " : * -
B - * +* .
0'250— & ik I :’ .+ ¥ P + +* _
8 e wloaten oy @ Y i Ll

# LA A +* * * ¥ > :

22001'£0:¢‘¢:""‘ “’. 0:‘3 Lo  * o+ ‘.’3' ‘::0:“ il -
O * ey R R Ll Y * ., + s
D e ey st e 9
T ! #
| ®]
o
L
om
=
-
=

7200 7800

T R
TIME IN HOURS

Figure 3-11 Number of Ionospheric Backscatter Observance for 321 days

3.4 ap Index

The use of indices of geomagnetic activity plays an important role in the study of
solar-terrestrial relationships [46]. Magnetic activity indices were designed to
describe variation in the geomagnetic field [47]. The most commonly used indices

are AE, Dst, Kp and ap the linear counterpart of Kp [46].

The Kp index represents the intensity of planetary magnetic activity as seen at
subauroral latitudes [47] and is the planetary 3-hour-range index from 13
geomagnetic observatories between 44 degrees and 60 degrees northern or southern

geomagnetic latitude [46].

Because of its wide usage [48] Kp as well as the ap index is appropriate for this
thesis. For convenience, in this thesis ap index is used instead of Kp, since ap is

based on a linear scale, whereas Kp is on a quasi-logarithmic scale. ap index is
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obtained from [49].
The scale of Kp is 0 to 9 expressed in thirds of a unit, for example 4- equals to (4 -
1/3), 40 equals to 4 and 4+ equals to (4 + 1/3). The 3-hourly ap index is derived

from the Kp index as shown in Table 3-2 [47]:

Table 3-2 Kp and ap Conversion Table.

Kp|[Oo|O+ | 1-|lo|1+|2-| 20 | 2+ | 3- | 30 | 3+ | 4- | 40 | 4+
ap | 0|2 |3 4|56 7|9 12|15 ] 18 |22 | 27 | 32

Kp|5 |5 |5+|6-]60 6+ | 7- | 7o | 7+ | 8 | 8 | & | 9- | 90
ap [ 3948|5667 |80 |94 | 111 | 132|154 179 | 207|236 | 300 | 400

Plot of the ap data for 321 days duration is shown in Figure 3-12.
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Figure 3-12 ap Data for 321 Days
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CHAPTER 4

IDENTIFICATION OF THE HF PROPAGATION MEDIUM UNDER
IONOSPHERIC DISTURBANCES

4.1 Introduction

The location and the distribution of the ionospheric backscatter depend on the
ionospheric disturbance conditions [31]. The situation can be utilized to study the
effects of the ionospheric disturbance and the properties of the ionosphere used in

making ionospheric predictions for users of the HF spectrum [22].

ap index is chosen as the parameter for ionospheric disturbance as stated in section
3.2.2. Therefore, location and the distribution of the ionospheric backscatter are

examined with geomagnetic index ap.

4.2 Tonospheric Backscatter Dependency on the ap Index

Correlation between ap index and number of ionospheric backscatter observance is
studied using both the Pearson correlation method and histograms. Correlation and

histograms used for the 321-day length data.

4.2.1 Correlation

A physical relationship between two different variables can be estimated by the
Pearson correlation method. This method calculates the linear -correlation
66r97

coefficient

related [46].

. This coefficient indicates whether or not the two indices are linearly
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Linear correlation coefficients with respect to time lags between ap index and 3-
hour averaged number of ionospheric backscatter observance is shown in Figure 4-

1.
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Figure 4-1 Cross Correlation of ap and Number of Ionospheric Backscatter

Observance

Maximum linear correlation coefficient occurs at zero time lag and takes the value
of 0.42. Since the value of maximum correlation coefficient is small, we can
conclude that there is no linear correlation between the ap index and the number of
ionospheric backscatter observance. But the figure indicates that there is no time lag
between the two parameters when the correlation coefficient takes the maximum

value.
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4.2.2 Histograms

Figure 4-2 shows the distribution of ap versus number of ionospheric backscatter

observance.
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Figure 4-2 ap vs Number of Ionospheric Backscatter Observance

As shown in Figure 4-2, distribution is very intense at ap values between 0-18. But,
actually ap values very often stay between 0-18 in real time. This situation is given
in Figure 4-3, the histogram of the ap values. Therefore, this distribution does not
give any idea about the appropriate solution of relation between the ap and the
number of ionospheric backscatter observance. It is necessary to take into account
the distribution of ap index for 321-day duration. Distribution of the ap index for

321 days means the histogram of the ap index for this duration.
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Figure 4-3 Histogram of ap Index in 321-Day Duration

ap versus number of ionospheric backscatter observance will be re-plotted with the

procedure explained as follows;

1) With respect to the distribution of ap values given in Figure 4-3, ap data can be

grouped in 14 distinct values as shown in Table 4-1.
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Table 4-1 Grouped ap Data

Index no ap index grouped_ap
1 0 0
2 2 2
3 3 3
4 4 4
5 5 5
6 6 6
7 7 7
8 9 9
9 12 12
10 15 15
11 18 18
12 22,27 24.5
13 32, 39,48 40

56, 67, 80,94, 111
14 132, 154, 179, 207 140
236, 300, 400

Note that, by considering the distribution of the ap values in 321-day duration as
shown in Figure 4-3, ap values from 0 to 18 are taken one by one, but the remaining
ap values are grouped in i.e., 2, 3 and 12 values by trial and error method. Resulting
grouped_ap values are shown in Table 4-1. grouped ap values are calculated as

follows.

(summation of the corresponding ap values)

grouped _ap = 4-1)

(number of ap values used in the summation)

Note also that, grouped ap values are the averages of the corresponding ap indices.

2) Each number of ionospheric backscatter observances which corresponds to each

distinct grouped ap values are summed up. This value is called as
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total _backscatter. Then this value is divided by the corresponding number of

grouped ap values in the data set. This value is called as averaged backscatter.

averaged_backscatter values are calculated as follows.

averaged backscatter =

total _backscatter

(4-2)

Table 4-2 shows some sample data from step-2.

Table 4-2 Sample Data

(number of corresponding grouped _ap values)

grouped_ap # of total _backscatter |averaged backscatter
grouped_ap
0 74 1033 13.96
12 188 6552 34.85
40 115 7050 61.3
140 84 4313 51.35

Figure 4-4 shows the distribution of grouped ap versus averaged backscatter.
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Figure 4-4 grouped ap versus averaged backscatter Observance

Figure 4-4 clearly explains that there is some relation between the ap index and
number of ionospheric backscatter occurrence. That is; as the ap index increase,
number of ionospheric backscatter occurrence increases. In other words, when the
ionosphere is disturbed by magnetic activity, it is more probable to observe

ionospheric backscatter for the Bruny HF radar.

4.3 Identification of the Propagation Medium

In this section, ionospheric backscatters from 30 days Bruny Radar summary plots
will be worked for localization purposes with respect to group range in between 4
May 2001 and 2 June 2001. Then, the results will be compared with a propagation

model and the real swept frequency backscatter ionograms.
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4.3.1 An Example of a Propagation Model

Figure 4-5 shows the plot of apparent range versus frequency for single hop
propagation in a model ionosphere [31]. As stated in section 2.2.2, this propagation
has been modeled using the QPS ionospheric model with the methods
recommended by the CCIR. The results shown in Figure 4-5 were obtained using an
ionospheric model in which foF2 was 9.8 MHz [22]. Details of the simulation are

given in [50] and [18].
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Figure 4-5 Simulated Backscatter [onogram

The color differences in Figure 4-5 indicate the power level of the backscatter
signal but this is not the scope of this thesis, therefore we do not mention about the

echo power.
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4.3.2 Three Examples of Swept Frequency Backscatter lonogram

During the initial test phase, Bruny Radar has also been operated in a swept
frequency mode [22]. As a result, it is possible to obtain swept frequency
backscatter ionograms and thus it provides an overview of propagation conditions.
The backscatter ionograms when the ionosphere is relatively undisturbed and

disturbed are shown in Figure 4-6 and Figure 4-7 respectively [31].
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Figure 4-6 Bruny Radar Backscatter lonogram for the Undisturbed Ionosphere on
19 February 2000, 12:25 UT
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Figure 4-7 Bruny Radar Backscatter lonogram for the Disturbed Ionosphere on 20
February 2000, 6:45 UT

Figure 4-6 and Figure 4-7 show that the backscatters from ionosphere (1.5 and 2,5
hops) and Earth surface (1 and 2 hops) can be easily differentiated from each other
with respect to signatures of the LOS Doppler Velocities.

But there are some cases that the backscatters from ionosphere and Earth surface
can not be easily differentiated from each other. Figure 4-8 illustrates that when
irregularities are widespread throughout the ionosphere, frequency-range signature
of the ionospheric scatter at 1.5 hops is essentially identical to the signature of the

one-hop sea scatter [38].
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Figure 4-8 Bruny Radar Backscatter lonogram for the Disturbed Ionosphere on 19
February 2000, 14:45 UT

4.3.3 Localization of Ionospheric Backscatters from Summary Plots

If the summary plots for the Bruny Radar [40] are considered in between 4 May
2001 and 2 June 2001, it can be realized that the most of the ionospheric
backscatters with LOS Doppler velocities > (+190) m/s and < (-190) m/s are the 1.5

hop scatters.

Sometimes, the signature of the ionospheric backscatters can be differentiated from
the ground scatter as in the case of the backscatter shown with the label “2nd 1.5
hop” in Figure 4-9. But sometimes it is not possible to differentiate the ionospheric
backscatters from the ground scatter with respect to signatures in the plots. Two
examples of this case are shown with the labels “Ist 1.5 hop” in Figure 4-9 and “1.5

hop” in Figure 4-10.
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Figure 4-9 Bruny Radar Echo Velocity Plot on 13 May 2001 with 1.5 Hop Scatters
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Figure 4-10 Bruny Radar Echo Velocity Plot on 10 May 2001 with 1.5 Hop Scatter

Another important constraint for the localization of the ionospheric backscatters is
the operating frequencies of the Bruny Radar. The operating frequencies of the
radar are shown with the color bar at the top of the summary plots with the label

“Frequency MHz”. This is illustrated in Figure 4-11 in detail.
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Figure 4-11 Bruny Radar Echo Velocity Plot on 13 May 2001 with Frequencies

The red window frame (also shown with label “1”) in Figure 4-11 illustrates that the
radar is operating at frequency of ~14 MHz. On the other hand, the black window
frame (also shown with label “2”) illustrates that the radar is operating at frequency

of ~11 MHz.

If the summary plots for the Bruny Radar are considered in between 4 May 2001
and 2 June 2001, it can be realized that the radar is operating mostly at these two

frequencies.

As a result, before applying the localization technique for the ionospheric
backscatters from Bruny Radar summary plots, the operating frequency of the radar

and ionospheric disturbance by magnetic activity (ap) must be taken into account.

Group ranges of the ionospheric backscatters with respect to ap index are given for
the two main operating frequencies, ~11 MHz and ~14 MHz, of the Bruny radar in
between 04 May 2001 and 02 June 2001 in Table 4-3 and Table 4-4 respectively.
Note that the ap index is grouped with two levels of magnetic activity; ap < 9 and
ap > 9. Former level will be used for undisturbed ionosphere and the letter will be

used for disturbed ionosphere.
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In the tables, location means the group range of the ionospheric backscatters. Date

is in the format of MMDD.

Table 4-3 1.5 Hop Backscatter Group Ranges for the Radar Signal at ~11 MHz.

~11 MHz, 1.5 hop

Group range date

ap S 9 1635-2900 0511
1950-3575 0506

location date

1950-2900 0512

1500-2900 0513

1950-3350 0514

1950-3800 0528

2150-3600 0602

ap > 9 960-2000 0515
1050-2000 0528

2150-2700 0602

1050-3575 0516

1650-2000 0602

1725-3125 0511
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Table 4-4 1.5 Hop Backscatter Group Ranges for the Radar Signal at ~14 MHz.

~14 MHz, 1.5 hop
location date
2085-3575 0505
2400-2900 0517
ap S 9 2400-3575 0524
2400-3350 0526
2850-3800 0530
2650-3350 0527
location date
1750-2200 0508
1050-2000 0509
1140-3125 0513
1050-1550 0514
2400-3350 0504
ap > 9 1500-2000 0509
1275-2000 0510
1050-1550 0512
1250-1800 0513
1050-2000 0515
1750-2200 0508

4.3.4 HF Radar Group Range Calculations

In this section, group ranges of single hop, 1.5 hop backscatters and the skip
distances will be given for the simulated backscatter ionogram and swept frequency
backscatter ionograms. And also, calculated group ranges of single hop backscatters
and the skip distances from the summary plots will be given both for the disturbed
and undisturbed ionosphere. Then some comparisons will be made for the purpose

of identification of the propagation medium.
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4.3.4.1 HF Radar Operating at ~11 MHz;

1) A single hop can occur between the group ranges of;

II.

II1.

IV.

950-2100 km if the simulated backscatter ionogram (Figure 4-5) is

considered.

800-1400 km if the Bruny Radar swept frequency backscatter

ionogram for the undisturbed ionosphere (Figure 4-6) is considered.

950-1800 km if the Bruny Radar swept frequency backscatter

ionogram for the disturbed ionosphere (Figure 4-7) is considered.

750-1500 km if the Bruny Radar swept frequency backscatter
ionogram for the widely disturbed ionosphere (Figure 4-8) is

considered.

2) 1.5 hop ionospheric backscatter can occur between the group ranges of;

L.

II.

2000-2400 km if the Bruny Radar swept frequency backscatter

ionogram for the disturbed ionosphere (Figure 4-7) is considered.

1500-2000 km if the Bruny Radar swept frequency backscatter
ionogram for the widely disturbed ionosphere (Figure 4-8) is

considered.

3) Skip distance is;

L.

950 km if the simulated backscatter ionogram (Figure 4-5) is

considered.
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II.

II1.

IV.

800 km if the Bruny Radar swept frequency backscatter ionogram for

the undisturbed ionosphere (Figure 4-6) is considered.

950 km if the Bruny Radar swept frequency backscatter ionogram for

the disturbed ionosphere (Figure 4-7) is considered.

750 km if the Bruny Radar swept frequency backscatter ionogram for
the widely disturbed ionosphere (Figure 4-8) is considered.

4.3.4.2 HF Radar Operating at ~14 MHz;

1) A single ionospheric hop can occur between the group ranges of;

IIL.

I11.

IV.

1200-2300 km if the simulated backscatter ionogram (Figure 4-5) is

considered.

1100-1900 km if the Bruny Radar swept frequency backscatter

ionogram for the undisturbed ionosphere (Figure 4-6) is considered.

1400-2300 km if the Bruny Radar swept frequency backscatter

ionogram for the disturbed ionosphere (Figure 4-7) is considered.

950-1450 km if the Bruny Radar swept frequency backscatter
ionogram for the widely disturbed ionosphere (Figure 4-8) is

considered.

2) 1.5 hop ionospheric backscatter can occur between the group ranges of;

L

1450-2000 km if the Bruny Radar swept frequency backscatter
ionogram for the widely disturbed ionosphere (Figure 4-8) is

considered.
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3) Skip distance is;

I. 1200 km if the simulated backscatter ionogram (Figure 4-5) is

considered.

II. 1100 km if the Bruny Radar swept frequency backscatter ionogram for

the undisturbed ionosphere (Figure 4-6) is considered.

III. 1400 km if the Bruny Radar swept frequency backscatter ionogram for

the disturbed ionosphere (Figure 4-7) is considered.

IV. 950 km if the Bruny Radar swept frequency backscatter ionogram for
the widely disturbed ionosphere (Figure 4-8) is considered.

4.3.4.3 Bruny Radar Summary Plots

If Table 4-3 is considered, when ap < 9, it is realized that 1.5 hop ionospheric
backscatter observed is between the group ranges of 1635-2900 km. On the other
hand, when ap > 9, it is realized that 1.5 hop ionospheric backscatter is observed

between the group ranges of 960-3800 km.

If Table 4-4 is considered, when ap < 9, it is realized that 1.5 hop ionospheric
backscatter is observed between the group ranges of 2085-3800 km. On the other
hand, when ap > 9, it is realized that 1.5 hop ionospheric backscatter is observed

between the group ranges of 1050-3350 km.

As stated in section 3.1.2 with Figure 3-2, Since at high latitudes the Earth's
magnetic field lines are almost vertical, 1.5 hop ionospheric scatter echoes are
detected by HF radars at ranges approximately equal to 1.5 times the range of
backscattered ground or sea single hop echoes. Therefore group range of the single

hop echo is calculated by the equation 4-3.
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1.5 hop group range 4.3)
1.5

Single hop group range =

As aresult,

1) When the ionosphere is undisturbed (ap < 9) possible single hop region
calculated from the Bruny Radar summary plots is between the group

ranges of;

I. 1090-1950 km for 11 MHz Radar frequency

II. 1390-2550 km for 14 MHz Radar frequency

2) When the ionosphere is disturbed (ap > 9) possible single hop region
calculated from the Bruny Radar summary plots is between the group

ranges of

I. 640-2550 km for 11 MHz Radar frequency

II. 700-2250 km for 14 MHz Radar frequency

4.3.4.4 Identification of the Propagation Medium

Table 4-5 summarizes the group ranges of single ionospheric backscatters of four
different ionograms and the group ranges obtained from the Bruny Radar summary

plots. Group ranges are given in km.
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Table 4-5 Summary of Possible Single Hop Backscatter Group Ranges in Km.

. Undisturbed | Disturbed Wldely
Simulated Disturbed
Swept Swept Summary
Backscatter Swept
Frequency | Frequency Plots
Ionogram Frequency
Ionogram Ionogram
Ionogram
ap<9
11 1090-1950
M 950-2100 800-1400 950-1800 750-1500
z ap>9
640-2550
ap<9
14 1390-2550
1200-2300 | 1100-1900 | 1400-2300 950-1450
MHZ a > 9
P
700-2250

The group ranges calculated from the Bruny Radar summary plots seem to be

around the ones in the ionograms.

If the group ranges calculated from the summary plots are considered, it is very
important to note that, when the ionosphere is undisturbed (i.e, ap< 9), it is not
possible to communicate with a station located within the group range closer than
1090 km for the frequencies 11 to 14 MHz. When the ionosphere is disturbed, skip
distance is decreased significantly but it is still not possible to communicate with a

station located within the group range closer than 640 km.

Please also note that the terminology of “disturbed” and “undisturbed” ionosphere
used in the swept frequency backscatter ionograms and in the summary plots are
somewhat different. Many mechanisms and disturbances may produce some degree
of backscatter in HF sky wave radar but in this thesis effects of the ionospheric
disturbances, which results in small-scale irregularities, with respect to ap index are

focused at.
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4.4 Conclusion

The backscattering of radio waves is a useful form of propagation for the HF
frequencies. When the backscatter occurs, it makes the communication possible into

the nominal blind zones at unusually high frequencies [13].

In this thesis, it is shown that during the geomagnetic activity measured by the ap
index, possibility for the HF signal to backscatter from ionosphere is increased and
it is possible to communicate into the nominal blind zones. It also means that, by
considering the location of the Bruny Radar, as ap index is increased, intensity of
the high latitude F region FAI is increased and these irregularities move to the sub-
auroral region as observed by the decreasing group path of the radar beam. Thus,
with the increasing magnetic activity and as a result, disturbance state of the
ionosphere, possibility for the HF signal to backscatter from ionosphere is
increased. In addition to this, the situation of increasing magnetic activity measured

by the ap index allows communication into the nominal blind zones.
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CHAPTER 5

SOME SUGGESTIONS FOR HF RADAR PLANNING AND OPERATION
UNDER SPACE WEATHER CONDITIONS

5.1 Introduction

In Chapter-4, we studied the relation between the geomagnetic activity measured by
the ap index and ionospheric backscatter observance by using a high latitude HF

radar summary plots.

Determining the group ranges of the possible ionospheric backscatter echoes and as
well as group ranges of single hop backscatter echoes are essential for HF radar

planning and operation.

In this chapter, to determine the possible backscatter group ranges in the scope of
this thesis, the differences between the high latitude, mid-latitude and low latitude
ionosphere, ap forecasting overview and the seasonal and solar cycle variations of
Kp will be given by considering the HF radar applications; and than some

suggestions for HF radar planning and operation will be given.

5.2 High Latitude, Mid-Latitude and Low Latitude Ionosphere

Estimating the possible single hop group range from the 1.5 hop ionospheric
backscatter group range is dependent on the FAIs. At the high latitude ionosphere,
the Earth's magnetic field lines are almost vertical, therefore group range of the 1.5
hop ionospheric backscatter is approximately equal to 1.5 times the group range of
single hop backscatter [22]. On the other hand, the Earth's magnetic field lines at
mid-latitudes and low latitudes are not vertical, but rather inclined to the horizontal

direction, therefore the receiving conditions of the ionospheric backscatters are
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different [20]. Thus, for estimating the single hop group range from the 1.5 hop
ionospheric backscatter group range, using effective modeling of the ionosphere

together with accurate ray tracing algorithms is very important.

5.3 Forecasting the ap Index and the ap Index Variations

5.3.1 ap Forecast

As technology advances, the importance of space weather prediction is increasing.
Kp is one of the most common indices used to measure the severity of the global
magnetic disturbances in Near-Earth space [51]. Since the ap index is nothing but
the linear scale converted version of the Kp index, forecasting the Kp and as well as

ap indices plays an important role in the prediction of space weather.

There exist some models and organizations estimating ap values. For example [52]
supply the estimated values through internet and [51] gives three old and three new
examples of the Kp and ap forecast models. Usual inputs for these models are the
nowcast Kp, velocity (V) and density (n) of the solar wind (SW) and the north-
south solar magnetospheric component (B;) of the interplanetary magnetic field.
The solar wind data can be obtained from the Advanced Composition Explorer

(ACE) spacecraft, located upstream at Lagrangian point (L1) [53].

Since the ap index plays an important role for the scope of this study, using the ap
forecast models and/or predicted ap index values of the ap forecast organizations,
one can obtain possible single hop group ranges and skip distance for the high

latitude HF radar application.

5.3.2 Solar Cycle Variation

Effects of the solar cycle in the Kp index was investigated in [54]. In that study 27-
day averages of the IMF and SW values and Kp index are used from November

1963 through November 1999 and it is showed that there is a solar cycle variation
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in the Kp index. Within the data set, there are four solar cycles (20, 21, 22 and 23).
The plot on the top in Figure 5-1 shows the variation of the sun spot number R

versus time and the bottom plot shows the Kp index versus time [54].
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Figure 5-1 Sun Spot Number and Kp lindex in Solar Cycles 20, 21, 22 and 23

For the scope of this study, Kp values greater than 2+ (i.e., ap=9) are important,
therefore the red line in the Kp plot is the Kp values of 2+ and the rectangles with
blue frame in the sun spot plot indicates the sun spot values when Kp > 2+. Visual
inspection reveals that Kp is greater especially in the declining phase of the solar
cycle near solar minimum. In the ascending phase near solar maximum, Kps are
still greater than 2+ but less than the Kps of the declining phase of the solar cycle

near solar minimum.
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As a result it is more probable to observe high latitude F region backscatter in the
HF radar beam during the declining phase of the solar cycle near solar minimum.
But there is also possible to observe high latitude F region backscatter in the HF
radar beam during the ascending phase near solar maximum. We can conclude that
the blind zone is smaller in the ascending and declining phases of the solar cycle

near solar maximum and minimum respectively.

The correlation is high (i.e., r = 0.82) between the Kp index and the product of the
velocity of the SW (V) and the total IMF (Brt), which reveals that total
interplanetary electric field (Epvp) plays very important role in driving global
geomagnetic activity measured by Kp [54]. Equation 5-1 shows this product and
Figure 5-2 shows the plot of the product in solar cycles 20, 21, 22 and 23 [54].
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Figure 5-2 Epr in Solar Cycles 20, 21, 22 and 23
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5.3.3 Seasonal Variation

The seasonal variation of the Kp index covering the period 1932 to 1995 was
investigated in [55]. Data set was restricted to the three Lloyd's seasons,
corresponding to Northern Hemisphere summer (May to August), equinox (March,
April, September and October) and winter (November to February) and to
consecutive occurrence over 6 or 8 three-hourly intervals. Kp was grouped into
three parts; Kp values between 0-1 were for quiet times, 2-3 were for transition

times and 4-9 were for disturbed times [55].

The seasonal variation of the Kp values between 4-9 with respect to Monthly
occurrence frequencies was shown as in Figure 5-3 [55]. In the figure, Win stands
for winter, Sum stands for summer, equi stands for equinox and (6) and (8) stand for

consecutive occurrence over 6 or 8 three-hourly intervals respectively.
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From the Figure 5-3, we can conclude that Kp index is greater during equinox and
winter than during summer. Thus it is more probable to observe high latitude F

region backscatter in the HF radar beam during equinox and winter.

5.4 Some Suggestions

In Table 5-1, only the possible group ranges of the single hop propagation are

given. Note that these values are taken from Table 4-5.

Table 5-1 Single Hop Group Ranges Calculated from Summary Plots

Group Ranges Calculated From Summary Plots
(Km)
Frequency
(MHz)
ap<9 ap>9
11 1090-1950 640-2550
14 1390-2550 700-2250

Considering the Table 5-1 and solar cycle and seasonal variation of the ap index, it
is possible to give some suggestions to HF radar planner and HF communication

planner for the radar operating at the frequencies 1 1MHz and 14 MHz:

I. Since it is more probable to observe ap index greater than 9 during the
declining phase of the solar cycle near solar minimum and during the
ascending phase near solar maximum, it is not possible to communicate with
the station located within the group range of 640 km at 11MHz and 14
MHz.
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II. But in the other phases of the solar cycle, since it is more probable to
observe ap index smaller than 9, it seems that it is not possible to
communicate with the station located within the group range of 1950 km at

11MHz and 2550 km at 14 MHz.

III. Since it is more probable to observe ap index greater than 9 during equinox
and winter, it is not possible to communicate with the station located within

the group range of 640 km at 11MHz and 14 MHz.

IV. But in the summer, since it is more probable to observe ap index smaller
than 9, it seems that it is not possible to communicate with the station
located within the group range of 1950 km at 11MHz and 2550 km at 14
MHz.

V. It seems that the maximum group range of the HF signal for the single hop
propagation does not change significantly with respect to the operating
frequencies for 11 MHz and 14 MHz. Therefore there is no constraint about
the maximum group ranges for the given frequencies. Actually HF signal

can propagate to group ranges of up to 4000 km via second hops.

Situation given in I and III is shown in Figure 5-4 and situation given in Il and IV is

shown in Figure 5-5 with the radar operates at 11 MHz.
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communication operator to estimate the possible skip distance and possible single

hop group ranges for the given frequencies of 11 MHz and 14 MHz.

The method used in this thesis is general, therefore if a campaign having raw data is

done, it is possible to obtain more precise results.
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CHAPTER 6

CONCLUSIONS AND FUTURE STUDIES

6.1 Summary and Conclusions

In this thesis, the use of HF radar system is considered from the identification of the

ionospheric propagation medium point of view.

HF radar system has been identified globally under ionospheric disturbances and
some operational suggestions have been presented. Doppler velocity is considered
as the characteristic parameter of the propagation medium and dependence of

Doppler velocity and group range of the echo signal on ap index is examined.

In the beginning of the thesis, considering the Doppler velocity of the HF radar
echoes, backscatter observance data from the high latitude F region of the
ionosphere are generated semi-synthetically from the TIGER HF Radar experiment
over the dates between 29 March 2001 and 26 February 2002. ap index of the same

interval is obtained from National Geophysical Data Center’s database [49].

Secondly, the dependency of the ionospheric backscatter observance on the ap

index is presented.

Thirdly, over the dates between 4 May 2001 and 2 June 2001, considering again the
Doppler velocity of the HF radar echoes, for 11MHz and 14 MHz radar
frequencies, group ranges of the backscatter signals from the high latitude F region
of the ionosphere are generated semi-synthetically and the dependency of the group
ranges on the ap index is presented. After that, possible group ranges and blind
zones under ionospheric disturbance measured by the ap index for the single hop

propagation at the given frequencies are presented.
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Finally, considering the differences between the high latitude and mid-latitude
ionosphere, ap prediction methods and the seasonal and solar cycle variations of Kp

and ap indices, some suggestions for the HF radar planning and operation are given.

This approach considers the HF radar as a system and identifies the system by
considering communication system planning and operation under ionospheric

disturbances.

In this thesis, only ap index is used, but it is easy to use other global magnetic
indices such as Dst and AE and local indices such as PC. If any local index is to be
used then the correct local value should be selected and the local parameter should

characterize the backscatter region of the selected HF radar.

The method used in this thesis is general, therefore the given suggestions can be
used for industrial or other types of systems with similar characteristics. HF radar
system is considered in this thesis as an interesting and involved example. Since
Space Weather is a new concept which is attracting a great deal of attention in the
international scientific and technological circles [56], the approach is also
interesting in the sense that it deals with the effects of space weather on

communication.

6.2 Future Work

Since the Local Magnetic Time (MLT) is the appropriate local time reference for
many space weather phenomena [31], identification of the medium can also be done

with respect to the MLT.

Two or more relevant indices can be included and the improvements can be

examined. The effects of included local magnetic indices can also be investigated.

With the data having higher resolution or with the raw data of the same experiment,

the thesis can be repeated for the E-layer-only backscatters and sea-only
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backscatters to identify the propagation paths of the location in which the

experiment is held.

The thesis can be extended to longer duration data to increase the sensitivity of the

statistical analysis.
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