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ABSTRACT

This thesis has two major objectives. The first objective is to investigate the seasonal and
diurnal variations in occurrence of HF coherent echoes. We assess F-region echo occurrence
rates for the PolarDARN HF radars at Inuvik (INV) and Rankin Inlet (RKN) and the auroral
zone SuperDARN radars at Saskatoon (SAS) and Prince George (PGR) for the period of 2007-
2010. We show that the INV and RKN PolarDARN radars show comparable rates of echo
occurrence all the time and they detect 1.5-2.5 times more echoes through Y2-hop propagation
mode (MLATs = 80°-85°) than the SAS and PGR SuperDARN radars through 1%-hope
propagation mode (MLATs=75°-80°). For all four radars, the winter occurrence rates are about
~2 times higher than the summer rates. For observations in the dusk, midnight and dawn sectors,
equinoctial maxima are evident. The pattern of echo occurrence in terms of MLT/season is about
the same for all radars with clear maxima near noon during winters and summers and enhanced
(as compared to other time of the day) occurrence rates during equinoctial dusk and dawn hours.
Additionally, to investigate the effect of solar cycle on occurrence of F-region echoes, we
consider the near noon and near midnight echo occurrence rates for the Saskatoon radar over the
period of 1994-2010. We show that there is a strong, by a factor of ~10, increase in SAS night-
side echo occurrence towards solar maximum. The effect does not exist for the dayside echoes;
moreover, a decrease in number of echoes, by a factor of ~2, was discovered for the declining
phase of the solar cycle.

The second objective is to evaluate the electron density and the electric field as factors
controlling the occurrence of F-region echoes. We use observations of these two ionospheric
parameters measured by CADI ionosonde and RKN observations of echo occurrence rates over
Resolute Bay (MLAT=83°). We show that there is a correlation in changes of echo occurrence
and electron density changes for 3 years of radar-ionosonde joint operation (2008-2010). The
comparison of radar-ionosonde data shows that the enhanced echo occurrence at near noon hours

during summer months correlate with the enhanced electric field during these periods.
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CHAPTER 1

INTRODUCTION

The Sun affects everything in the solar system, including the interplanetary space itself
and the planets, by its variable magnetic field, electromagnetic radiation and charged particles
continuously ejected from it. The planets respond differently to the Sun’s influences, depending
on their magnetic field, the structure of their atmosphere and, if available, current-conducting
layer, ionosphere. The Earth is one of the planets whose electrodynamic environment is
extremely sensitive to changes in the Sun’s state. In this chapter we introduce major elements of
the Sun-Earth system, describe their characteristics and discuss some ongoing processes relevant
to this thesis. The description to follow is based on the books by Kelley (1989), Hargreaves
(1992), Kivelson and Russell (1995), Baumjohann and Treumann (1997), Schunk and Nagy
(2000) and Hunsucker and Hargreaves (2003).

1.1 The Sun

Under very hot temperatures of 1.5 x 107 K inside the Sun’s core, continuous fusion
supplies the thermal energy that is transferred through the radiative layer and the thermal
convection zone into the outer regions of the Sun, the photosphere and chromosphere. The
photosphere is the part of the Sun that we see with our eyes. This is a region where we also see
dark sunspots that, as known for many years, characterize the level of Sun’s activity. The
photosphere has a temperature between 4500 and 6000 K. The temperature increases
dramatically in the transition layer just above chromosphere where the solar corona begins; it
stretches all the way to the solar system planets.

Energy flow in the Sun’s environment is accompanied by emission of electromagnetic
waves across most of the electromagnetic spectrum as well as a stream of charged particles,
known as the solar wind. All Sun’s parameters, such as temperature, density and material

outflow speed, change on various time scales, from local area changes on a scale of minutes, for
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example as for solar flare events, to global changes on a scale of years, for example changes of
the Sun’s magnetic field polarity that occurs about every 22 years.

Variations in the Sun’s activity modulate the strength of its electromagnetic radiation and
the solar wind. Figure 1.1 illustrates the changes of sunspot numbers over many years of
observations. Obvious increase (decrease) on sunspot numbers around 2001 (1997, 2008) are
seen. Previous maximum of solar activity occurred about 11 years earlier. The activity within the
cycle, though, is not uniform; it takes about 4 years to rise from a minimum (in 1997) to a
maximum (in 2001) and about 7 years to fall to a minimum once again (in 2008).

180 I I ! I ! ! ! ! I 1 I 1 I I I

1351~ Tﬂ.'

Sunspot Number
(o)
o

B
o

e
0 1 1 1 1 1
1995 1997 1999 2001 2003 2005 2007 2009 2011
Year

Figure 1.1: The monthly (black) and monthly smoothed (red) sunspot numbers for the period
1995-2011. The data were provided by the Solar Influences Data analysis Center.

1.2 The solar wind

The solar wind consists of electrons and positively charged ions of Hydrogen (95%),
Helium (4%) and minor constituents (~ 1%) such as Carbon, Nitrogen, Oxygen, Neon,
Magnesium, Silicon and Iron. The ions are created when the corresponding atoms lose electrons

due to the high temperature of the Sun’s corona (~3 X 10° K). The solar wind is electrically
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quasi-neutral; such a mixture of charged particles governed by electrodynamic forces is called
plasma. The first successful theoretical model of the solar wind plasma suggested by Parker in
1958 predicted that the flow being subsonic at the start-out (the plasma flow velocity is below
the ion-acoustic speed of the medium) quickly becomes supersonic (at a distance of about four
solar radii away from the Sun’s surface). Satellite observations have confirmed that the solar
wind near the Earth’s orbit is indeed supersonic (e.g., Kivelson and Russel, 1995).

The solar wind is not homogeneous in the radial direction; it is usually comprised of two
types of flows, the slow one and the fast one. The slow solar wind originates from Helmet
streamers, the Sun’s regions with closed magnetic field lines which overlie the active regions on
the photosphere. The slow solar wind has a velocity of 250-400 km/s, a density of ~107 m~3
and a temperature of (1.4-1.6) x 10° K. The fast solar wind originates from coronal holes, the
regions of open magnetic field lines in the Sun’s corona. The fast solar wind has a velocity value

of about 500-800 km/s, a density of ~3 x 107 m~3 and a temperature of ~8 x 10° K.
1.3 Interplanetary magnetic field and the frozen-in field lines concept

The Interplanetary Magnetic Field (IMF) is a part of the Sun’s magnetic field that is
carried into the interplanetary space by the solar wind. The IMF is a weak field, varying in
strength near the Earth’s orbit from 1 to 30 nT, with an average value of about 5 nT. The IMF is
a vector quantity. The three components of the IMF can be presented in the Geocentric Solar
Magnetospheric (GSM) system. The GSM has its x-axis from the Earth to the Sun. The y-axis is
defined to be perpendicular to the Earth’s magnetic dipole toward dusk, so that the x-z plane
contains the dipole axis. The positive z-axis is chosenas Z = X X .

One of the most important properties of the IMF is that it is “frozen in” into the plasma,
i.e. the magnetic flux is carried unchanged in a given parcel of the plasma moving with the solar
wind speed. This means that the plasma particles are linked to a magnetic field line and always
remain on that magnetic field line as the plasma moves. Therefore, one can say that the plasma
and the magnetic field lines are stick together or, in other words, the magnetic field lines are
frozen in the plasma. As a result, in highly conducting plasma (where no collisions occur) there
is no electric field in the frame moving with the plasma. Electric field rises in respect to an

observing frame such as the Earth. This electric field is given by
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E= —v,, XB (1.1

where vy, is the velocity of the solar wind and B is the IMF. For negative IMF B,, the electric
field in the magnetosphere is oriented from dawn to dusk that is known as dawn-to-dusk
magnetospheric electric field. Its strength varies over the time of day, season and solar cycle, but

it is usually about 2-4 mV/m.

1.4 Magnetosphere

As the highly conducting plasma of the solar wind with frozen-in magnetic field lines
reaches the Earth’s magnetic dipole, it cannot penetrate through it. Instead, the flow is slowed
down, deflected around the Earth, and a magnetic cavity is formed around the Earth. It is called
the magnetosphere. The magnetosphere has a complex structure both in terms of particle
population and electric and magnetic fields. Its formation involves a number of processes
including interaction with the highly conducting upper part of the atmosphere called the

ionosphere. In Sections to follow, we introduce main magnetospheric and ionospheric regions.

1.4.1 Magnetospheric regions

Since the solar wind approaches the Earth’s with a supersonic speed, a shock wave is
formed in front of the Earth; it is known as the bow shock. The bow shock is located at a
distance of 12-14 Ry upstream from the Earth, depending on the strength of the solar wind flow.
The plasma temperature and density of the stream increase as it crosses the bow shock while its
speed decreases. This heated, compressed and subsonic plasma forms a region behind the bow
shock called the magnetosheath. This is where the shocked solar wind plasma is deflected around
the Earth’s magnetic field. The boundary separating the magnetosheath from the magnetosphere
is known as the magnetopause.

On the dayside, the magnetopause is usually located at a distance of about 10 Ry, but for
the fast solar wind streams it can shrink to less than 6-7 Rg. The thickness of the magnetopause
can be estimated from the ion-gyro radius as about 200-300 km. On the nightside of the Earth’s
dipole, the magnetosphere is stretched as a long cigar-like cavity (up to ~1000 R;) known as the
magnetotail. The magnetotail is ~40 Ry in diameter and is comprised of three main Sections, the

plasma sheet, and northern and southern lobes.



The plasma sheet (light green area in Fig. 1.2) is a central region in the magnetotail with
high temperature (5 x 10°K) and low density plasma (~0.5cm™3). The strength of the
magnetic field in the plasma sheet is ~10 nT. The plasma sheet separates the northern and
southern lobes of the magnetotail (light red area in Fig. 1.2). The plasma in these lobes has lower
temperature (5 x 10° K) and density (~1072 cm™3) than the plasma sheet. However, the
magnetic field is stronger in the lobes (~30 nT) than in the plasma sheet. The direction of the
magnetic field changes from northern to southern lobes; in the northern lobe the magnetic field
points towards the Earth while in the southern tail lobe it points away from the Earth.

Near the Earth at a distance of about 4 Ry, there is a torus-shaped region called the
plasmasphere which co-rotates with the Earth (dark green area in Fig. 1.2). The plasmasphere
contains dense (~10? cm™3) but cold (~5 x 103 K) plasma. Closer to the Earth the radiation
belts lay between about 2-6 Ry, following the magnetic field lines (gray areas in Fig. 1.2). These
belts consist of energetic electrons and ions which move along the field lines and oscillate back
and forth between the mirror points in the southern and northern hemispheres. The typical values
of the electron density and temperature in this region are ~1 cm™3 and ~5 x 107 K, respectively.
Two other important regions of the near Earth magnetosphere are the southern and northern
cusps (orange areas in Fig. 1.2). These are cone-shape regions which lay down between the
closed dipole field lines on the dayside and the open field lines that are stretched all the way to
the night side. The cusps are the only regions in the magnetosphere where the solar wind plasma
from the magnetosheath can directly penetrate deep inside the magnetosphere and reach the

ionosphere.
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Figure 1.2: Cross section of the magnetosphere in the x-z GSM plane illustrating
magnetospheric regions and reconnection processes between the IMF and Earth’s magnetic field.

1.4.2 Magnetic reconnection and plasma convection cells

The merging and reconnection of magnetic field lines is a fundamental process in the
solar and magnetospheric environments. The process explains plasma emissions in solar flares
and coupling between the interplanetary magnetic field lines and the dipole geomagnetic field
lines. The basic idea of reconnection is that when two oppositely-directed magnetic field lines
meet one another, they can merge together and produce two different field lines, as suggested by
James Dungey in 1961.

The two dimensional representation of Dungey’s magnetospheric reconnection cycle for
negative IMFB, is illustrated in Fig. 1.2. The “open” southward IMF line merges with the closed
northward geomagnetic field line 1 at point A (at the magnetopause front side) and forms the
newly open field lines 2 (2°) in the northern (southern) lobe. These open field lines are carried
downstream by the solar wind from position 3 (3") to 5 (5") in the northern (southern) lobe.
Eventually, the two open magnetic field lines 6 and 6" in the northern and southern lobes of the

magnetotail reconnect at point B and form the new closed field line 7. The newly closed field
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lines (7 and 8) replace those ones that were merged to the IMF lines at point A (1 and 9), and this
cycle repeats over and over again.

The plasma motion in the course of the reconnection cycle (but not immediately in the
reconnection zone) can be projected into the high-latitude ionosphere. The footprints of the
magnetic flux tubes are shown in Fig. 1.3a; the pattern has a form of two convection cells. The
plasma moves according to these cells (or “convects”) from noon sector to midnight sector
(shown in Fig. 1.3a by field line numbers 2, 3, 4, 5 and 6) and returns to the merging point via
dawn and dusk sectors (shown in Fig. 1.3a by field line numbers 7, 8, 9 and 1). The high-latitude
region in the ionosphere that contains open (closed) magnetospheric field lines is known as the
polar cap, light red area in Fig. 1.3a (auroral zone, light green area in Fig 1.3a). It was
established that the transition boundary “open/closed field lines” corresponds to the poleward
boundary of optical forms as observed with optical instruments detecting aurora borealis in
visible light. Globally, this line is not symmetric with respect to the Pole. The region of aurora
extends towards equator by several hundred kilometers. The region of most frequent occurrence
of bright optical forms is known as auroral oval (yellow area in Fig. 1.3a). Figure 1.3b shows
typical shape and location of the auroral oval as observed by the IMAGE satellite. It centers on
geomagnetic pole and typically sits at geomagnetic latitudes of 72°-75° (60°-70°) on the dayside
(nightside).

The plasma flow in the polar cap is powered by an electric field that originates from the
dawn-to-dusk solar wind electric field in the magnetosphere, Eq. (1.1). The solar wind electric
field maps along the magnetic field lines into the high-latitude ionosphere. In the polar cap,
where the magnetic field lines are open, the mapping results in dawn-to-dusk directed electric
field known as the polar cap electric field (E,.) with typical strength of 20-30 mV/m. In the
auroral zone, though, the direction of electric field is southward (northward) in the dawn (dusk)
sector. The motion of charged particles in convection cells corresponds to the convection (Hall
drift) vy = E x B/B?. The plasma motion in the high-latitude ionosphere due to the electric

and magnetic fields will be discussed in Section 2.1 in more details.
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Figure 1.3: (a) High-latitude ionospheric regions and motion of plasma particles as a result of
magnetospheric reconnection processes. (b) Example of auroral oval in the high-latitude
ionosphere as observed by the IMAGE satellite. The false-color red (blue) indicates the brightest
(dimmest) (Source: National Space Science Data Center).

1.5 lonosphere

The upper part of the Earth’s atmosphere, the ionosphere, is a layer where there are
charged particles. The amount of charged particles is not significant here as compared to the
amount of neutrals; the ionospheric plasma is said to be partially ionized. Thus the ionosphere is
a transition region from the fully ionized magnetosphere to the electrically neutral low-altitude
atmosphere.

1.5.1 Electron and ion distribution in the ionosphere

The Earth’s ionosphere is known to consist of three main layers termed D, E and F
regions. The F region is the highest region of the ionosphere at altitudes ~150 to 600 km. It has
the greatest concentration of electrons (typically ~10° cm™3) that peaks at ~270 km. During
daylight hours F region can be distinguished as two layers: F1 layer that peaks at ~170 km and
F2 layer that peaks at ~300 km. At night they become one at about the level of the F2 layer. The
F1 layer is comprised of molecular and atomic ions 05, NO* and 0*. In the F2 layer the atomic

oxygen becomes the dominant ion.



The middle ionospheric region, E region, extends from ~95 to ~150 km above the
ground. The E-region peak of electron density occurs at altitude ~120 km with a typical value of
~105 cm™2 during the day. The molecular ions NO* and OF have the majority of ions
population in the E region, though the concentration of NO* is greater than 05 . Due to the lack
of photoionization during night hours and recombination of ions and electrons, the E region is
significantly diminished at night.

The D region is the lowest region of the ionosphere existing at altitudes between 70
and 95 km. The D region has a typical electron density of ~10% cm™3, but the peak of the
electron density usually is not distinct. The D region completely disappears at night when there is
no photoionization. The ion-electron pair production and the recombination processes in the D

region are complicated and will not be reviewed here.
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Figure 1.4: IRI electron density profile over Resolute Bay at A = 83° on 15 March of 2002 (red)
and 2008 (blue) at 12:00 LT (solid) and 24:00 LT (dashed).

Most of our knowledge about these ionospheric regions has been learned through
observations. A number of empirical models have been proposed. Currently, the most popular
one is the International Reference lonosphere (IRI) model. The IRI is based on all available

worldwide data sources such as ionosondes, incoherent scatter radars and instruments on the



satellites and rockets. Figure 1.4 illustrates the electron density profile for one spot of the high-
latitude ionosphere, Resolute Bay (RB), Canada, magnetic latitude (MLAT) of A =83°. Thisis a
point of special interest in this thesis. The plot shows the structure of the ionospheric regions at
noon and midnight hours on 15 March of the year of minimum (2008) and maximum (2002) of
solar activity. Although the IRI data are available at altitudes starting from 80 km, the D-region

peak cannot be seen for this month.
1.5.2 Seasonal and solar cycle variations of the F-region electron density

Numerous studies have shown that electron density profiles change significantly with
height and time. Besides generally chaotic and unpredictable local changes, smoother and
relatively definite temporal variations have been identified. Among well-established sources of
“regular” variability of the ionosphere are the solar cycle and seasonal variations. The role of the
first one can be understood from the fact that both the composition of the atmosphere and solar
irradiation change within the 11-year cycle. In addition, enhanced reconnection rates during solar
maximum periods lead to an increase of particle precipitation to the high-latitude ionosphere.
One can expect seasonal variations by recalling that the maximum electron density depends on
the solar zenith angle which changes over a season for a specific point in the ionosphere. The
global-scale and smooth variations of the Earth’s ionosphere are probably reasonably captured
by the IRl model. Here we prefer to go on actual measurements as we consider high latitudes
where IRI performs much less reliably.

To illustrate variations in the ionospheric electron density, we attracted data from the
ionosonde operated at the Sodankyla Geophysical Observatory, Finland (Source:
http://www.sgo.fi). The observatory is located close to the auroral zone at magnetic latitude of
A =64.1° and thus is very relevant to the work done in this thesis. The advantage of this station
is in the fact that long-term data, since the International Geophysical Year - 2 (1957), are
available. We consider here monthly medians of the maximum electron density of the F2 layer.

Figure 1.5 considers the maximum F2-layer electron density for three separate months of
2004, March, June and December. These months are representative ones for equinox, summer
and winter, respectively. The density in Fig. 1.5 is plotted versus universal time (UT). For

Sodankyla, the universal time is related to local time (LT) through LT=UT+2 hours.
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Figure 1.5: Median values of the electron density at the maximum of F2 layer according to
Sodankyla ionosonde measurements in 2004.

Clear trends in Fig. 1.5 are obvious; the density increases towards local noon and then
decreases back to the night-time values. The variation is strongest for March, where span is (1-
4) x 10° cm™3. This is perhaps just slightly stronger variation than in December where density
has barely reached 3 x 10° cm™3 at near noon hours. However, the enhanced densities existed
for much shorter time interval than in March (about 6 hours versus 14 hours). In June, the
density was relatively high all the time varying in (3.0-3.5) x 10° cm™3. Clear maxima in the
electron density at near noon hours are consistent with the maximum solar zenith angle.

Figure 1.5 shows that the electron density experiences variations with the season. To
illustrate this dependence in a more clear way, we present in Fig. 1.6 the monthly median values
of the electron density during near noon maxima versus month for 2001 (the year of maximum in
solar activity), 2004 (declining phase of the solar cycle) and 2008 (minimum of solar activity).
The curve for the 2004 data is located in between the curves for solar maximum (larger values)
and solar minimum (lower values). One obvious conclusion from Fig. 1.6 is that the seasonal
variation is rather weak (strong) during solar minimum (maximum) period. The solar cycle effect

is much stronger for winter conditions.
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Figure 1.6: Median (monthly) values of the electron density at the maximum of F2 layer at near
noon hours according to Sodankyla ionosonde measurements in 2001, 2004 and 2008.

Figure 1.7 presents electron density data (again monthly medians for near noon maxima)

for the month of December but for the entire period of Sodankyla operation. Clear solar cycle

variation is seen with largest values during the solar maximum periods when the density can be

as high as 15 x 10°> cm™3. During the solar minima, the density is ~2 x 105 cm™3.
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Figure 1.7: Median (monthly, December) values of the electron density at the maximum of near
noon F2 layer according to Sodankyla ionosonde measurements in the period of 1957-2008.
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1.5.3 lonospheric fine structures - irregularities

The presented above data show temporal variability of the ionosphere due to changes in
the global external factors such as the Sun’s radiation. Numerous studies have shown that the
ionosphere is strongly non-uniform spatially; at a fixed time, besides vertical layering, there is
also strong horizontal inhomogeneity. The large-scale features (~1000s km in size), for example
the mid-latitude trough of decreased F-region density, have been identified. At high latitudes,
occurrence of areas with enhanced density due to energetic particle precipitation from the
magnetosphere is an everyday phenomenon. In the polar cap, drifting patches of increased
density were discovered. These are dynamical features; after onset on the dayside, they
propagate through the entire polar cap, over the pole, to the nightside. Studies also showed
occurrence smaller features, such as sporadic E layers (100-300 km in size). Rocket
measurements showed occurrence of structure with about a kilometer and smaller sizes. Radar
experiments indicate existence of very small-scale ionospheric structures, with sizes up to about
centimeters. In this thesis, of special interest will be 10-20 m structures in the ionosphere. It is
believed that these can be excited in trains of quasi-periodic wave-like packets and they are often
called decameter irregularities.

The nature of ionospheric irregularities has been a subject of numerous studies (e.g.,
Kelley, 1989). It is believed that they occur due to plasma instabilities in the ionosphere, a
growth of spontaneous plasma density fluctuations from thermal level to much larger amplitudes.
For the irregularities of interest in this thesis, the so called Gradient-Drift Instability (GDI) is
important. The GDI occurs in the presence of strong background plasma density gradient in the
direction of plasma motion driven by the background electric field. The GDI will be discussed in
Section 2.2 in more details. Here it is important to emphasize that it occurs when the electric
field is sufficiently strong and there is a plasma gradient of proper direction. It is also important
to know that the decameter irregularities are highly-aligned with (stretched along) the Earth
magnetic field. This can be understood from the fact that electron and ion mobility along the

magnetic field is much larger than across it.
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1.5.4 Coherent radars as instruments for studying ionospheric structure

In situ measurement of decameter irregularities is a difficult experimental task. This is
coupled with the fact that rocket flights are expensive and thus very infrequent. The large body
of information on ionospheric decameter irregularities has been obtained through observations
with the ionospheric coherent radars.

Figure 1.8a illustrates the typical geometry of ionospheric irregularity studies with a
coherent radar. The radar is located on the ground; it transmits radio waves into the ionosphere.
If the radio waves meet the Earth’s magnetic field at a ~90° angle, as shown, the radio waves
can be scattered back by ionospheric irregularities. Orthogonality condition is needed because
the irregularities are stretched along the magnetic field.

The scattering process is analogous to the Bragg scatter of X-rays from a crystal. The
geometry of the radar wave scatter is shown in Fig. 1.8b in which k.(k;) is the wave vector of
the transmitted (scattered) wave and k,, is the wave vector of the plasma wave irregularities
produced by the GDI. The conservation law of linear momentum (p, + p, = p;) yields an

important property of the coherent scatter

A

2 = TToos ] (1.2)

where 4, is the wavelength of the plasma irregularities, 4 is the wavelength of the transmitted
signal and i is the off orthogonality angle. For i = m, i.e. a radar with the transmitter and
receiver at the same location, Eqg. (1.2) reduces to A, = 1/2. Thus the scale of plasma
irregularities in the ionosphere causing the coherent backscatter is half of the transmitted
wavelength. This is referred to as the Bragg condition. Backscatter signals are amplified under
the Bragg condition to produce a signal strong enough to be detected by the receiver. The term
“coherent” comes from the fact that a returned signal originates from constructive interference of
signals scattered from fronts of a quasi-periodic structure with spatial periodicity of half the radar
wavelength. Experiments showed that coherent radars can successfully detect echoes at
frequencies between 3 and 3000 MHz. In this thesis we use coherent radars operating at HF

frequencies of ~10 MHz (irregularity wavelength of ~15 m).

14



Plasma

irregularities
Plasma

Transmitted irregularities

signal ‘.@B
k.

Radio waves
~10 MHz

/

Scattered

HF radar signal

(a) (b)

Figure 1.8: (a) Geometry of simultaneous detection through direct scatter from E and F regions
using a coherent HF radar (b) Scattering of HF radio waves from plasma irregularities.

1.5.5 Use of ionospheric irregularities for studying the ionosphere

Investigation of coherent echo parameters in their relationship to background conditions,
for example electric field, is a well-developed branch of space physics (Kelley, 1989). Efforts in
this area are aimed at understanding the plasma processes leading to the development of
structures in the ionosphere. However, coherent echoes are useful for the opposite task —
inferring and continuous monitoring of the background conditions in the ionosphere using the
parameters of echoes from the ionospheric structures. A good example of such an approach is the
Super Dual Auroral Radar Network (SuperDARN) experiment (Greenwald et al., 1995). The
SuperDARN network consists of a number of coherent HF radars that measure Doppler velocity
of coherent echoes and infer background electric field in the ionosphere. Such information is
highly desirable as the electric field distribution in the ionosphere depends strongly on the
character of interaction between the solar wind and magnetosphere. We discussed earlier that the
magnetospheric plasma circulation leaves its imprint in the ionosphere in the form of a two-cell
convection pattern for negative IMF B,. Studying temporal and spatial variations of such patterns

allows one to assess quantitatively the location and intensity of magnetospheric merging
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processes. Thus information on coherent echoes can be used to investigate magnetospheric
processes of interaction between the solar wind and magnetosphere by means of the

magnetospheric coupling to the ionosphere.

SuperDARN radar experiment

SuperDARN is a multi-national experiment aimed at studying electrodynamical
processes in the Earth’s ionosphere and magnetosphere. The first radar of the SuperDARN
network was installed in Goose Bay in 1983, and later in Halley (Antarctica) but the real
networking has begun in 1993 with almost simultaneous installation of 3 additional radars in
Saskatoon (Canada), Kapuskasing (Canada), and Stokkseyri (Iceland). The SuperDARN network
is currently comprised of 21 radars in the northern hemisphere and 12 radars in the southern

hemisphere and more radars are under construction.

Il Polar Cap Radars [ Auroral Zone Radars [ Mid-Latitude Radars

P T B 1 N (b)

Figure 1.9: Fields of view of the SuperDARN radars in (a) northern hemisphere and (b) southern
hemisphere. The yellow triangles show the location of CHAIN CADI ionosondes.

The Fields of View (FoVs) of the operating SuperDARN radars in the both hemispheres

are shown in Fig. 1.9. In terms of location and viewing zone, the radars can be categorized into
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three groups: mid-latitude, auroral zone and polar cap radars (shown in Fig. 1.9 by blue, green
and red, respectively). The radars are synchronized and use the same principle of operation. The
majority of the data available so far were collected using the auroral zone radars. Over the last
several years, much more data became available from the mid-latitude and polar cap radars. In
this thesis, special attention will be paid to two polar cap radars in the northern hemisphere at
Rankin Inlet (RKN) and Inuvik (INV) (called the PolarDARN radars).

The SuperDARN radars transmit a series of pulses and measure the amplitude and phase
of the backscattered signal for number of range gates and beam positions. From raw data, the
backscattered echo power, the Doppler velocity and the spectral width are measured. Details on
principle of SuperDARN radar operation will be given in Chapter 3.

The SuperDARN radars are versatile instruments. They are used for studying the nature
of ionospheric irregularities. But the main target of the SuperDARN effort, as already mentioned,
is production of global-scale maps of electric field (or equivalently plasma circulation) in the
ionosphere with temporal resolution of about a minute. Figure 1.10 gives an example of the
convection pattern produced using map potential technique (Ruohoniemi and Baker, 1998). On
this map, the vectors represent the measured SuperDARN Line-of-Sight (LoS) velocities. The
blue solid and red dashed lines represent the fitted equipotentials based on the map potential
technique with a total cross polar cap potential of ®,.= 87 kV (between the cross and plus in
Fig. 1.10).

Figure 1.10 is one of the examples of reasonable radar coverage. Often not too many
vectors are present on the map due to the lack of echoes even if as many as ~30 radars operate
simultaneously. Moreover, on the map presented, one can notice absence of echoes in many
important places, for example, the Russian sector where there are no operational SuperDARN
radars.

Clearly, successful SuperDARN radar convection mapping relies on high occurrence of
coherent echoes. Studying of the trends in the SuperDARN echo occurrence is important for
planning and proper installation of future HF radars within the network. Assessing occurrence of
HF echoes thus is an important task. Such work will certainly not improve the radar echo
detection rates but the results might be important for understanding the processes leading to the

irregularity formation and for assessing long-term periodicities in these phenomena.
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Figure 1.10: SuperDARN convection pattern determined on 19 December 2002 at 12:00 UT
(Source: http://vt.superdarn.org).

1.6 Objectives of the undertaken research

This thesis is aimed at investigation of factors affecting occurrence of HF coherent
echoes detected by the SuperDARN radars. We focus on F-region echoes received at relatively
far ranges of above ~700 km. There are several reasons for limiting the scope and ignoring
echoes at shorter ranges. One reason is that occurrence of E-region SuperDARN echoes has been
a subject of several papers and theses (Makarevich et al., 2002; Makarevich, 2003; Carter and
Makarevich, 2010; Carter, 2011). It has been shown that the diurnal, seasonal and solar cycle
occurrence of such echoes is very much similar to what is known from VHF studies carried out
over the last 50 years. The E-region echoes are less interesting in terms of assessing the
SuperDARN capabilities in monitoring plasma circulation pattern because it has been established
that the Doppler velocity of such echoes is related to the plasma drift in a complicated way so
that more work is needed to understand how to extract information of plasma drifts from Doppler
velocities of E-region echoes. To make further progress in this respect, independent instrument
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routinely measuring plasma drifts at short SuperDARN radar ranges is required. One of such
instrument could be an incoherent scatter radar (ISR). Unfortunately, all currently existing ISR
radars are separated from appropriate SuperDARN radars by at least 900 km, implying that E-
region echoes cannot be observed regularly, and diligent work is required to recognize them
within a body of echoes dominated by the F-region returns.

There is another reason for considering F-region echoes in this thesis. Over the past
several years of the solar cycle 23 minimum, the PolarDARN radars at Rankin Inlet and Inuvik,
monitoring echoes in polar cap, detect significantly more echoes than the auroral zone radars
detecting F-region echoes at these latitudes (e.g., Fiori et al., 2009; Liu, 2010). This highly
unexpected result needs to be understood. In addition, both PolarDARN radars can detect echoes
over Resolute Bay (RB) where measurements of background ionospheric parameters are
continuously carried out by the Canadian Advanced Digital lonosonde (CADI) within the
Canadian High Arctic lonospheric Network (CHAIN) as described by Jayachandran et al.
(2009). This provides opportunity to compare parameters of PolarDARN F-region echoes and

the electron density and the electric field in a radar scattering volume.
More specific scientific goals being addressed in the thesis are as follows:

1) Long-term variations in occurrence of F-region SuperDARN echoes as seen by the
radars at various geographic and geomagnetic locations. For this kind of study, data from radars
operating for more than 10 years are required so that both the solar cycle minimum and the solar
cycle maximum are covered. Although some SuperDARN work in this direction has been done
in the past (earlier results will be reviewed in Chapter 2), we address issues that have not been
considered so far. These include:

a) differences in the solar cycle effect for observations in the midnight sector and other
sectors, with a special emphasis on the near noon echoes;

b) changes in the intensity of the seasonal variation of echo occurrence in various

magnetic local time (MLT) sectors.

2) Occurrence of F-region ionospheric echoes in the polar cap as observed by the

PolarDARN radars. In the study, the polar cap is simply associated with MLATSs > 80°. At the
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time the work had been started the PolarDARN radar data were available for 2007-2010. The
questions we asked ourselves are as follows.

a) What is the difference in echo occurrence between the auroral zone radars (Saskatoon
and Prince George) and polar cap radars (Rankin Inlet and Inuvik) operating in the Canadian
sector of Arctic? Our target is to compare echo detection while all radars look at about the same
band of MLATS between 80° and 85° or to consider the bands of latitudes for best echo detection
for each radar separately. We wanted to know if even slight enhancement in the solar activity
towards 2011 would bring some changes in the echo detection rate for each of the radars.

b) Is there any seasonal variation in echo occurrence for observations in the polar cap? If
yes, how strong is it as compared to the auroral zone radars? We also wanted to know how
strong the seasonal effect for observations away from the midnight sector is.

c) What is the pattern of echo occurrence in terms of MLT for various seasons? Does it
depend on whether echoes are received with a direct ¥2-hop propagation mode or with 1%-hop

propagation mode?

3) Finally, the third thrust of the thesis is on assessing the factors affecting echo
occurrence, the F-region electron density and electric field in the polar cap. Here we compare
CADI ionosonde measurements of F-region critical frequencies (maximum electron density)
with echo occurrence rate to see if more echoes occur for enhanced electron density that changes
a) over the day and b) over the season. The electron density can affect echo detection through
improving propagation conditions or affect the power of echoes directly (Uspensky et al., 1994;
Ponomarenko et al., 2009). The echo power is also affected by the level of electron density
fluctuations in the ionospheric irregularities. The irregularity density might depend on the
electric field magnitude, one of the factors crucial for starting out the gradient-drift instability
and creation of irregularities themselves. Previous works (Milan et al., 1997; Danskinet al.,
2002; Danskin, 2003) where echo occurrence was compared with E field magnitude were done
in the auroral zone at relatively short radar ranges of 900 km. For the RKN-RB comparison, the

range is ~1350 km.
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1.7 Thesis outline

The thesis is organized as follows. In Chapter 2 we consider details of the GDI excitation
in the F region. To accomplish this, we describe plasma motions in the ionosphere and explain
why the electric field, that drives the plasma, is a potentially important parameter for
understanding the reasons for occurrence of F-region coherent echoes. We then present a
theoretical formulation of the relationship between the power of coherent echoes and the electron
density in the scattering volume. Finally, we review the current knowledge on occurrence of F-
region echoes and factors that control it. In Chapter 3 we describe the instruments to be used in
the thesis. These are Polar/SuperDARN radars and CADI ionosondes. The focus is on technical
aspects of their operation. In Chapter 4 we present original data on the general trends in
occurrence of F-region echoes according to the PolarDARN radars in the polar cap and
SuperDARN radars in Saskatoon and Prince George (auroral zone radars). At the end of Chapter
4 we focus on long-term, 11-year periodicity of SuperDARN echoes as seen by the auroral zone
radars in Saskatoon, Prince George and Hankasalmi (Finland). In Chapter 5 we investigate the
relationship between occurrence of F-region echoes observed by RKN PolarDARN radar over
RB and the electron density and the electric field measured at RB with the CADI instrument.
Finally, in Chapter 6 we summarize the results and suggest possible future research in the area of
thesis work.

21



CHAPTER 2

CURRENT UNDERSTANDING OF THE REASONS FOR OCCURRENCE
OF COHERENT ECHOES

In this Chapter, we first explain how the GDI gets excited in the high-latitude F region.
To accomplish this, we describe the motion of ions and electrons in crossed electric and
magnetic fields in the F region. These motions are an energy source for a number of ionospheric
instabilities, including the GDI. We then summarize the current knowledge on factors that
control the power of coherent echoes. Finally, we review previous publications on the occurrence

of F-region HF echoes.
2.1 Plasma motion in the F region due to the electric and magnetic fields

In the following discussion, we consider the motion of ions and electrons in the F region
due to the large-scale electric field and the downward magnetic field. Considering all forces
acting on the plasma particles, the equations of motion can be written as

dva VPa

mgy _dt = Qa(EO + v, X B) - mavan(va — un) + mevei(ve — ’Ui) — Tl_ (2.1)
a

where a = i, e stands for either the ions or electrons, m, is the particle mass, q, is the particle
charge, v, is the particle drift, v,,, is the collision frequency of the particle with neutrals, v,; is
electron-ion collision frequency, u, is the velocity of neutrals, n, is the particle density,
P, = n, kT, is the particle pressure, kg is the Boltzmann constant and T, is the particle
temperature. The first term on the right hand side is the Lorentz force due to electric and
magnetic fields. The second term is the frictional force due to the collisions of the plasma
particles with neutrals. The third term is friction force due to ion-electron collisions where the
positive (negative) sign applies to ions (electrons). Finally, the forth term presents the force due

to pressure gradients in the plasma. To simplify the equation of motion we assume that the
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neutrals are at steady state with u,, = 0. Secondly, we neglect the collisions between ions and

electrons, and finally we consider a cold ionosphere where T,, = 0. Then Eq. (2.1) becomes

dv,
My W = Qa(EO + vy X B) —MVen v, (2.2)
Now we define a coordinate system in the ionosphere with the electric field directed along the
positive x-axis (E, = E,,X) and magnetic field directed along the negative z-axis (B = —B2).
One can associate the x-axis direction with the line “dawn-dusk” in the polar cap. Then one can

solve Eq. (2.2) at quasi-steady state (dv,/dt = 0) and obtain the particle drifts as

_ _Van qaEox 2 Qg _ qaEox 9
Q3 +vz, my, Q% +vz, my,

Voa (2.3)

where Q, = |q,|B/m, is the particle gyrofrequency. The ion (electron) gyrofrequency in the
ionosphere with B ~ 0.5 G has a value of ~160 (107) rad - s™1.

At the F-region heights (h > 150 km), the collision frequency of both ions and electrons with
neutrals is smaller than gyrofrequency (v,, < Q). For instance, at the F-region height of
h = 300 km, the ion (electron) collision frequency with neutrals is about 0.2 (40) s71.

Therefore, from Eq. (2.3) the particle drifts perpendicular to the electric field are given by
Voye = Voyi = 1770 (2.4)

where vy, = E,,/B is the strength of the vector vy = (E, X B)/B? known as Hall drift,
convection or E X B drift. On the other hand, the ion and electron drifts parallel to the electric

field are given by

.
Voye = —%v,{f (2.5)
e
’v.
vai = ﬁv,.ﬁ? (26)

i

Particle drift along the electric field is called the Pedersen drift. Figure 2.1 illustrates the
relative strength of the Hall and Pedersen drifts of ions and electrons in the F region. As shown,
the ions and electrons move together with the same Hall drift in the “y” direction. Thus the

relative velocity between ions and electrons perpendicular to the electric field is zero (v,,; —
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Voye = 0). In the “x” direction, though, the ions move with the Pedersen drift while the electrons

have a very small Pedersen drift in the negative “x” direction. This implies that there is an ion-

electron relative drift along the direction of the electric field as
Voxi — Voxe = _UHQ (2-7)

This relative Pedersen drift of ions and electrons plays a crucial role in the formation of the GDI

in the F region.

Z
N
= Hall Drift
— Pedersen Drift
B=-B3 — i-e Relative Dirift
_____________ | Viey~0 >y
X
>
/ Voyi
Eo=EonX Voxe .
Voxi Voye

Figure 2.1: Background electric and magnetic fields and vector components of plasma motion in
the high-latitude F-region ionosphere.

2.2 Formation of the GDI in the F region

The GDI in the F-region plasma occurs when there is Vn,, preferably in the direction of
the E, X B drift. To explain the reason for the instability we can consider two blob-shape
regions; one with enhanced electron density and another with depleted density, Fig. 2.2a. Due to
the difference between Pedersen drift of ions and electrons, a charge separation can occur in the

blobs as shown in Fig. 2.2a. This charge separation would lead to a polarization electric field 6E
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that causes a §E x B drift. This drift moves the enhanced (depleted) blob of the plasma in the
negative (positive) direction of Vn,, toward regions with lower (higher) background plasma
density. These oppositely-directed motions of enhanced and depleted density blobs create a
finger-like structure of the electron density. Because the instability is driven by relative ion-
electron Pedersen drift, it is often called Pedersen mode of the GDI to distinguish it from similar
instability in the E region known as Hall mode. The growth of GDI is well presented in the
results from the three-dimensional nonlinear simulations of the GDI, published by Gondarenko
et al. (2004), Fig. 2.2b.
z (a) (b)

l
GDI - Pedersen mode 100 2,00

5 1.75
B=-Bfl (VnU“J'EU) 50 .~ 1.50

1.25
1.00

£ 2.00
—

1.75
S
X 50 ) 1.50
= M.
> 1.25
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K=k for ¥, (6=0) x (km)

Figure 2.2: (a) lonospheric configuration for the formation of the gradient-drift instability (GDI)
in the F region where dark (light) orange indicates density enhancement (depletion) and blue
indicates the background electron density (b) Simulated density contours illustrating the finger
structure and the growth of the GDI (Gondarenko et al., 2004).

To compute the growth rate of the GDI, we consider linear perturbation in the plasma
density and the electric field (n, = ny, + 6n,, E = Ey + 6E) and neglect non-linear Fourier
components of the perturbation. The linear perturbation in the plasma density and the electric

field can be written as
Sn, = evt - ellkT—wrt) (2.8)

0E = -V = —ik,5¢ (2.9
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where wgr and y (components of complex angular frequency, w = wg + yi)are the angular
frequency and the growth rate of the perturbation, k;, = k, X + k,,y is two-dimensional wave
vector of the perturbation and ¢ is the electrostatic potential. The equation of motion, Eq. (2.1),
for the perturbed quantities dn,, E and unknown Sv,, in absence of neutral wind flows

(u,, = 0) and collisions between charged particles (v,; = 0), is given by

d(8v,) . , . ong
Mg —— = —q,(ik, 8¢ + 8v, X BZ) — my vy, 0v, — ik k5T, o (2.10)
a

where we assumed no perturbation in plasma temperature (6T, = 0). Solving the above equation

for év, at quasi-steady state and considering the condition v,,, < Q, yields
ir R R
Svg = @ [(Vankx + Qoky)2 + (Vanky — Qoky)7] (2.11)

where T’ = — qo69/mg + (kpTo/Mme)( 61g/Noq)-
Linearizing the continuity equation (dn,/dt +V - (n,v,) = 0) and substituting dv, from Eq.

(2.11) gives
Sng B, 98¢ _

A
a
Npg mg

0 (2.12)

where A, = i(k, - Voy — @) + g—g"r’i k2, B, = %‘ki +%Q—iakx, k?=kZ+k% and 1/L =
Vng./Mog 1S the scale of the plasma density gradient.

One can consider Eq. (2.12) for ions (q; = +e) and electrons (g, = —e)to form a system of
equations. Assuming én;/ny; = dn,./ng., the resulting system of equations has a non-trivial
solution when its determinant is zero. This leads us to the following dispersion equation

i

m
A.B; + m—

e

AB, =0 (2.13)

We assume that the growth rate is small as compared to the frequency of the perturbation
wave (y < wg). Then solving real part of Eq. (2.13) for y yields (after substituting the values
for A, and B,)
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1k, Q; Ven Kp(T; +T,
_ X lkJ_'(voi_UOe)_ en B(l e)k

—__ Xt 2 2.14
L kJZ_ Vin 'Qe‘Qi m; = ( )

14

where the conditions Q, > v,, and m; > m, have been taken into account.

In Section 2.1 it was shown that in the F region, the ion-electron relative Hall drift is zero
while the ion-electron relative Pedersen drift is given by Eq. (2.7). This means k; -
(Woi — Voe) = (vin/ Q) k,vy and the above equation for y reduces to

v
y = THcos2 0 —D, k? (2.15)

where 8 = cos~1(k,/k,) is the azimuthal angle between the wave vector k and the electric field

Ey, D, = (Ven/QeQ)) C2 is the cross-field diffusion coefficient and C; = /g (T; + T.)/m; is
the ion-acoustic speed.

Equation (2.15) shows that the growth rate of the GDI is proportional to the magnitude of
the Hall drift and plasma density gradient. It also implies that the GDI has its maximum growth
rate along the direction of electric field where 6 = 0 (k, = k,).

An important aspect of GDI is the fact that the conditions for the instability becomes
impossible to satisfy as the perturbation wave vector goes off the perpendicular to the magnetic
field. Calculations, similar to shown above, but for three-dimensional wave vector of the
perturbation k = k, + k; (k; = k,2) and two-dimensional electric field Eq = Ejcos{X +
E,sin{y give the following three-dimensional expression for the growth rate (Keskinen and
Ossakow, 1982)

— CoS 02—‘2%(%% cos(6 —0) — %vd)

(ﬂ)z + VeiVin
Fex Qe

y = — D kI — Dykf (2.16)

where Dy = C¢/Vip {1 + [(Vin/Q)?/((VeiVin/ Qi) + (K /k)?)]} s the field-aligned
diffusion coefficient and v, is the relative ion-electron velocity along the magnetic field. One
can notice that in absence of field-aligned component of perturbations (k, = 0) and parallel
component of electric field along the density gradient (¢ = 0), Eq. (2.16) reduces to Eq. (2.15).
For the electric field perpendicular to the density gradient, the maximum growth rate occurs for
6 =0 (k, = k,) and Eq. (2.16) reduces to
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Veil (Vi

_Q_QZ(EUH_Evd) , ,

Vmax = o VeiVin — D, ky — DIIkII (2.17)
¢ Q00

where & = k/k, . Equation (2.17) shows that growth rate is a function of & . Using

(0Ymax/08)¢=¢,,,, = 0, one can obtain the value of & for y,,,, as follows

VinVn (Vian)z (Veivin>
= + 2.18

Substituting typical F-region parameters v;,,/Q; ~ 107%,v,,,/Q, ~ 107* Ey, ~ 10 mV/m, B ~
0.5G, jj = engvg ~ 1 uA/m? and ny = 10°cm™3 into Eq. (2.18) gives |[&nax] = 1074, i.e.

k, < k,. This means that plasma irregularities are well-oriented along the magnetic field lines.

The growth of plasma perturbations governed by the GDI will eventually stop when
nonlinear effects emerge. It is accepted that as the perturbation increases its amplitude, the
energy can be transferred to those perturbations that are linearly stable. This process is called the
mode coupling. Computer simulations showed that this is indeed an efficient process allowing
co-existence of numerous wave trains in the plasma. These are the irregularities that can be
detected by HF radars.

2.3 Power of echoes scattered from ionospheric irregularities

The theory of radio wave scattering by the ionospheric plasma irregularities was
developed by H. Booker in 1956. In general case, he assumed a linearly polarized radiation from
a transmitter of power P is scattered from a volume V of the medium where there are
irregularities. He calculated the backscattered power per unit solid angle, per unit incident power
density, and per unit volume (o) as
2 12sin?2 @

)T P(l,m,n) (2.19)

loY:i
o= (—
£

where ¢ is the permittivity of the medium, @ is the angle between the direction of scattering and
the direction of the electric field at the point of scattering, A is the transmitted radio wavelength

and P(l, m, n) is the Fourier transform of the autocorrelation function of ¢/ «.
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Equation (2.19) implies that backscattered power is proportional to mean square

fractional deviation of €. For the radio waves in the ionosphere, the dielectric constant is related
to the refractive index as n =./c/g,. The refractive index for radio waves to a first
approximation is
2 Wp ?
n?=1- (Z) (2.20)

where w, = \/ng.e?/gym, is angular plasma frequency and w is the angular frequency of the

incident radio wave. Applying this expression to Eq. (2.20), gives
(I8e/¢el?) = (1/m*) 12 2*(|6n,|?) (2.21)
and expression for o
o = (|6n,|?) r2sin? © P[21t /A (I, m, n)] (2.22)

where 1, = pge?/4mm, is the classical electron radius and &n, is the perturbation in electron
density associated with the plasma irregularities.

Equation 2.22 indicates that the power of coherent echoes is proportional to mean square
of &n, or fluctuation level of ionospheric irregularities. There are other factors. For example, the
term P depends on wavelength of irregularities and geometry of measurements, such as the angle
with respect to the plasma flow and the aspect angle. These dependencies are very difficult to
assess both theoretically, by looking at the development of the GDI, or experimentally. This lack
of knowledge limits progress in the field.

The fact that the power of echoes depends on the intensity of electron density fluctuations
has a very important implication. A number of rocket measurements (e.g., Kelley et al., 1973;
Ogawa et al., 1976; Schlegel, 1992) indicated that under typical ionospheric conditions, the
quantity dn,/ng,. is about several percent. If this is true in the entire range of ionospheric
parameters, then one can conclude that the power of coherent echoes is proportional to the square

of the mean electron density in the scattering volume because sigma can be written as

oo n2, ) (2.23)
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This conclusion implies that the power of echoes would increase whenever the ionosphere is
more dense. This means that one can infer the absolute values of density from the coherent radar
data. Such an attempt was successful for VHF E-region echoes (e.g., Williams et al., 1999;
Uspensky et al., 1988). For HF echoes that are to be considered in this thesis, the conclusion

should be treated as a hypothesis that requires experimental confirmation.

2.4 Occurrence of F-region HF coherent echoes: A journey to history

The fact that coherent echoes can be received not only from the E region, but from the F
region as well has been known since early 1950s (Peterson et al., 1955). However, the work on
F-region echoes has not been as intense as on the E-region echoes. Perhaps one reason is that, to
detect F-region echoes, the radio waves need to undergo significant ionospheric refraction to
achieve orthogonality with the Earth’s magnetic field and thus be scattered by field-aligned
irregularities. This can only be done with radars operating at HF frequencies (5-30 MHz) so that
relatively cheap, and more widely used for the airplane detection, VHF radars cannot be used.
This Section gives historical overview of the major steps in acquiring knowledge on the F-region

HF echo occurrence.

2.4.1 Pre-SuperDARN work

Since the first HF radar systems were located at middle latitudes, earlier reports were on

observations at these latitudes.

Mid-latitude HF radars

Weaver (1965) used a 14 MHz radar located at Ithaca, N.Y. He reported maximum of
echo occurrence in March (75% of the time in the evening sector). Minimum of occurrence was
during summer time; the echoes also showed up later in the day during summer months. These
results are in accord with the pioneering report by Peterson et al. (1955). It was noticed that with
an electron density increase, the echoes appear at shorter ranges. Hower et al. (1966) noted a
decrease in echo occurrence during the declining phase of the solar cycle. While looking from
Washington, D.C. area at 12 and 18 MHz, they reported 80% of evening echo detection in
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December 1958 and only 35% in December 1963. The data though were contaminated with E-
region echoes. Baggaley (1970) used 17.3 MHz radar near Sheffield, UK and found that F-region
echoes occur mostly during local evening hours, near the sunset time, and last on average 4 hours
(his Fig. 2). The echo occurrence rates were found to be smaller than in other reports. This was
attributed to the fact that the observations covered 1964-1966 which is the period of the
minimum in solar activity.

Moller (1974) used two frequency-sweeping sounders (2.8-45 MHz) at Lindau, Germany
(MLAT =52.4°) and Alsbjerg (MLAT =57.5°). He reported F-region echo occurrence in 2
latitudinal belts, one corresponding to the poleward edge of mid-latitude trough and the other to
the auroral oval. The first belt exists only in the midnight sector, while the second covers all
MLTs. The auroral zone belt is centered at higher MLATS during near noon hours (up to 78°) as
compared to the midnight hours (68°-70°). The belt shifts towards smaller latitudes summer
time. With magnetic activity increase, the auroral zone belt expands to the lower latitudes: for
example, during winter near noon hours, the magnetic latitudes of echo detection shifts from

~78° to ~74° as K;, magnetic index changes from 1 to 4.

Auroral zone radars

One of the best cited papers on high-latitude F-region coherent HF echoes is the study by
Bates (1960) who investigated records of sweep-frequency (1-25 MHz) sounder at College,
Alaska and identified directly-detected signals from the F region that were common during
winter time. Their occurrence favored magnetically quiet time when the radio wave absorption
was minimized. The author noticed that with sunrise the echoes disappear. Bates was one of the
first researchers who hypothesized that the solar radiation eliminates the irregularities. Bates and
Albee (1970) estimated that the power of auroral zone HF echoes decreases with the magnetic
aspect angle with a rate of ~5 dB per degree indicating that the echoes have high magnetic
aspect sensitivity. The result means that HF echoes are detected limited in range/latitude for a
particular radar because the propagation must lead to good magnetic aspect sensitivity and the
better occurrence over a limited range (or latitude) interval.

Turunen and Oksman (1979) employed a frequency-sweep sounder similar to the one of
Moller (1974) but located at Nurmijarvi, Finland (GLAT=60.5°). The frequency ranges were

from 2 to 32 MHz. They noticed predominant echo occurrence during evening hours and an
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astonishingly rare echo occurrence during morning hours. The authors related the effect to strong
radio wave absorption during these hours. The authors compared their F-region data with the
data on E-region irregularities observed by a 144 MHz radar at a close location. The similarity in
general morphology of occurrence of E- and F-region echoes was noticed for the latitudes of the

auroral oval.

2.4.2 SuperDARN era

Introduction of the SuperDARN radars in early 1990s provided opportunity to study echo
occurrence rates at various latitudes and various longitudinal sectors. From the beginning of
operation, it was clear that occurrence rates depend strongly on the latitude of monitoring and the
magnetic local time (Fig. 18 of Greenwald et al., 1995).

Mid-latitude radars

Detection rates of F-region SuperDARN echoes at middle latitudes are small; this is
easily recognizable by considering data of the SuperDARN website. So far, no systematic study
of their occurrence has been done.

Hosokawa and Nishitani (2010) presented MLAT-MLT distribution for the Hokkaido
radar echo detection in April 2008. Their plots (e.g., Fig. 4) give reasonable sense of the echo
occurrence at MLATs=45°-65°. It should be mentioned that this was an exceptional month in
terms of echo occurrence; numbers for other months are typically smaller (Koustov et al.,
2008b). The plots show that the echoes occur mostly during pre-midnight hours equatorward of
the auroral oval. The rates are as high as 10% near the oval and decrease to below 5% at MLATS
< 55°. The echoes near the oval correlate with the sunset and this sense the data fully agree with
earlier findings by Baggaley (1970). We note that rates of echo occurrence at MLATS < 55° are
often difficult to assess because all the echoes have low velocities and some ionospheric echoes
often misidentified by the currently employed data processing technique as ground scatter
(Greenwald et al., 2006).
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Auroral zone radars

Milan et al. (1997) investigated 20 months (March 1995 - October 1996) of data from the
CUTLASS HF radars in Finland. They found that during winter, the Hankasalmi radar echoes at
MLAT=80° are mostly detected during day time with two local maxima, one during pre-noon
hours and another one during post noon hours. The maxima appear to become more separated in
terms of time towards summer time. These echoes were thought to be received through one and
half hop propagation mode. During summer, F-region echoes were mostly observed during
daytime through the direct mode and at lower latitudes. Enhanced echo occurrence rate was
shown to be consistent with increased ionospheric electron density that is suggested to be a key
factor for echo detection.

Ruohoniemi and Greenwald (1997) considered echo occurrence rates for the Goose Bay
SuperDARN radar in the period of 1988-1993. They presented magnetic local time-magnetic
latitude diagrams of echo occurrence for various months and seasons over a half of the solar
cycle. The clear conclusion was that the auroral zone echoes occur more frequently at solar cycle
maximum and during winter. The lack of echoes during the summer was interpreted as the result
of solar radiation (for the sunlit ionosphere) smoothing out the plasma gradients necessary for the
production of irregularities (exciting the GDI).

Huber (1999) explored Saskatoon radar data for 1997 and reported that F-region echoes
in winter are mostly detected in two time sectors, one at near noon hours and the other one later
in the afternoon, close to the dusk (18 MLT) sector. The near noon echoes virtually disappear
during other seasons while pre-dusk echoes show up at later MLTs during equinox and even later
time during summer.

Ballatore et al. (2001) considered multiple SuperDARN radars and found that for the
period of 1997-1998 (close to the solar cycle 22 minimum), echoes were more frequently seen at
magnetic latitudes of 65°-80° with the rates of ~7% during winter, ~5% during equinox, and
~3% during summer. They also found that there is a statistically significant correlation between
northern hemisphere SuperDARN radar echo occurrence and negative IMF B, values,
independent of season.

Danskin (2003) focused on the midnight F-region echoes and found that these echoes are

more frequent during winter for the solar activity maximum periods. For the solar cycle
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minimum, echo occurrence was higher during the summer months. This feature was interpreted
as a consequence of low typical density in the F region leading to unsatisfactory conditions for
the ray bending.

More systematic investigation of auroral zone F-region echo occurrence has been
undertaken by Hosokawa et al. (2001) who considered data from six Northern hemisphere radars
operated in 1996-1998 (again, close to the solar cycle 22 minimum) and showed that echoes
mostly occur on the dayside at magnetic latitudes of 70°-75° corresponding to the poleward edge
of the auroral oval or even poleward of it. In other MLT sectors, echoes were collocated with the
auroral oval. It is interesting to note (this was not mentioned in the original paper) that the two
Iceland radars (Pikkvibaer and Stokkseyri), whose FoVs are oriented azimuthally, detected a
significant amount of echoes not only at the auroral oval latitudes but also from within the polar
cap, at MLATs=70°-80°. Such echoes were preferentially seen in the afternoon sector all the
way until early morning. Hosokawa et al. (2001) focused on dusk echoes seen well equatorward
of the auroral oval. These were related to the mid-Ilatitude trough.

Koustov et al. (2004) considered near midnight F-region echo detection rates by a number
of radars in both southern and northern hemispheres. The authors showed that for many radars
there is a strong seasonal variation with clear maxima near equinoxes. The effect was very
evident for the southern hemisphere radars. It was suggested that stronger electric fields, on
average, over equinoctial time are the main factor for the equinoctial echo occurrence maxima,
which is consistent with the preferential conditions for IMF merging with the Earth’s magnetic
field as suggested by Russel and McPherron (1973).

Parkinson et al. (2003) considered one year (1999-2000) of echo statistics for the
Australian SuperDARN radar at Bruny Island. The echoes were found to dominate in the
midnight sector at somewhat poleward of the auroral oval. With the K,, index increase, more
echoes were seen equatorward of the auroral oval. It was noticed existence of a March (fall)
maximum though the overall seasonal variation was apparently not significant. Koustov et al.
(2006) investigated occurrence of King Salmon HF radar echoes near the equatorward edge of
the auroral oval and reported preferential occurrence in the dusk-midnight sector. The Hokkaido
mid-latitude radar also detects this sort of echoes (Koustov et al., 2008).

Another interesting class of echoes occurring equatorward of the auroral oval, and this

sense classifiable as mid-latitude echoes, are the ones first reported by Ruohonimei et al. (1988)
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during afternoon hours. These were related to the onset of mid-latitude through with its highly
inhomogeneous distribution of F-region electron density. Hosokawa et al. (2002) found that

similar type of echoes can be seen during morning hours.
SuperDARN echoes from within the polar cap

SuperDARN echo occurrence at extreme high latitudes, say MLATSs > 80°, has been of
interest from the very beginning of SuperDARN project. With earlier radars, echoes here can
only be received through 1%2-hop propagation mode (the HF propagation mode nomenclature is
given in Subsection 3.1.6). This means that propagation conditions would be a major factor in
echo detection. The situation changed with installation of two PolarDARN radars. The radars
showed echo occurrence rates much higher than the concurrently operating auroral zone radars.

Fiori et al. (2009) reported that PolarDARN echoes occur predominantly at relatively
short ranges, with MLATs < 85°. It was clear that consideration of the electron density and
propagation conditions is very important in understanding reasons for echo detection at these
latitudes. Liu (2010) assessed PolarDARN echo occurrence with respect to the Saskatoon radar
echo detection. He showed that echo detection rates for RKN are ~5-30%, depending on season
and magnetic latitude, while for the Saskatoon radar the rates are ~1%-10%. Overall, for the
respective most favourable echo detection latitudes (these are different due to significant
separation of the radars in latitude) the RKN detects ~3 time more echoes than Saskatoon radar.
Another finding was a strong decrease of RKN echo during summer. Seasonal effect in RKN
echo detection is also recognizable in the data presented by Prikryl et al. (2010). Ponomarenko
et al. (2010) presented data on RKN scatter for beams 0, 7 and 15. The data indicate that fewer
echoes are detected in beam 15 while there are comparable number of echoes in beams 0 and 7.
The effect has not been discussed and investigated further.

Recently, a new extreme high-latitude radar was installed by the University of Alaska at
Antarctic McMurdo station (Bristow et al., 2011). Its magnetic latitude is A =80°, so that this
radar can detect echoes over the south magnetic pole. The radar shows very high echo
occurrence rates, perhaps even higher than those for the RKN and INV radars. The data show
that over the southern magnetic Pole the number of echoes drops down dramatically once the
radar moves into the dark ionosphere. This finding is consistent with very early HF work by

Baggaley (1970) emphasizing the role of sunlight on the propagation of radio waves.
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2.5 Factors controlling occurrence of F-region HF echoes from previous studies

lonospheric conditions that lead to creation of ionospheric decameter irregularities and
their detection with HF radars were a subject of limited number of publications. Work in this
direction is significantly hampered by the fact that there are no means to continuously monitor
ionospheric parameters within the FoV of SuperDARN radars.

Milan et al. (1997) compared Hankasalmi echo occurrence with critical frequencies
recorded by the Sodankyla ionosonde located about 600 km away in the radar position. They
concluded that the electron density of 2 x 10° cm™3 is needed to detect echoes at F-region
ranges. Milan et al. (1999) had data on the electron density and electric field (from the EISCAT
incoherent scatter radar) within the Hankasalmi radar scattering volume at ~900 km. The
authors, not surprisingly, reported that echoes occur for non-zero electric field, and as a general
rule, a 5-mV/m threshold was mentioned. They also indicated that after the substorm onset, when
very strong ionization is created in the E region, the blanketing effect is responsible for the F-
region echo disappearance. Finally, they considered the potential effect of enhanced diffusion in
the F region due to enhanced conductance of the E-region plasma. They showed that the factor
M =1+ Zp_g/Zp_g (@ measure of the relative contributions of the F and E regions to the
Pedersen height-integrated conductance) controls the echo power. This is expected as the GDI
development in the F region can be slowed down (or even prevented) when perturbation electric
field of unstable modes gets shorted out through the highly conducting E region (Vickrey et al.,
1982). Finally, the authors emphasized the fact that enhanced D-region absorption can lead to
disappearance of echoes.

Danskin et al. (2002) had more extensive Hanksalmi HF radar - EISCAT data set. They
concluded that most of echoes occur for electric field > 10 mV/m and electron density of
2.5 x 10° cm™3 is indeed a typical value for echo detection over the EISCAT spot. The data also
supported the conclusion by Milan et al. (1999) that the effect of E-region conductance might be
an important factor. Very recently Kumar et al. (2011) considered data of the Australian TIGER
radar and electron density of Macquarie Island ionosonde located about 1600 km away from the
radar. Although the target of the study was the occurrence of echoes at various stages of
magnetic storm, the data clearly indicate that F-region electron density enhancements correlate

with significant enhancement of echo occurrence at the main phase of the storm.
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Conclusion

No study has achieved a global synthesis of the effects of latitudinal, magnetic local time,

seasonal and solar cycle variations on the radar scattering process.
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CHAPTER 3

INSTRUMENTS

In this Chapter we describe operation principles of two types of radar systems to be used

in this thesis, a coherent SuperDARN radar and a CADI digital ionosonde.
3.1 SuperDARN radars
3.1.1 General characteristics

A SuperDARN backscatter radar is a system transmitting a sequence of radio pulses and
receiving them on the same antennae. It operates at HF frequencies of 8-20 MHz with a peak
power of 10 KW. The pulse sequence is designed in such a way that echo detection from multiple
ranges, including over the horizon distances, is possible. Currently used an 8-pulse sequence is
shown in Fig. 3.1. The numbers in the diagram (0, 14, 22, 24, 27, 31, 42, 43) are multiplies of the
pulse lag time of T = 2.4 ms. The length of each pulse is 0.3 ms providing range/gate resolution
of 45 km. an antenna array of 16 antennas is phased to radiate in 16 “beam” directions with
angular spacing of 3.24° in azimuth between successive beam positions. The first returned
signals are received from the range gate of 180 km; this initial range gate is assigned gate
number zero (R,). Since the length of each range gate is 45 km, the gate number n corresponds
to the range of R, = 180 + n - 45 (km) away from the radar. Typically, the radars cover 75
range gates along each beam position. Then the last range gate is located at R,, = 3510 km
away from the radar. For each beam position, the ~ 36 (or ~ 72) computed complex
autocorrelation functions (ACFs) are integrated and averaged to increase the signal-to-noise
ratio. Typically, there are about 60 pulse sequences averaged for each beam position for a 2-
minute scan of the 16 beams, or 30 pulse sequences for a 1-minute scan. The amplitude and
phase of the scattered signal are measured so that the ACF can be determined. The parameters of

38



a radio echo such as the backscattered power, the Doppler velocity and the spectral width are

then inferred from collected ACFs.

03ms 24 ms
| [ 1] H 1,
0 14 22 24 27 4243 t(1)

Figure 3.1: SuperDARN normal 8-pulse scheme.
3.1.2 ACF Technique

To explain the concept of the ACF technique to measure Doppler velocity, we consider a
2-pulse sequence with the pulse lag time 7, as shown in Fig. 3.2. We want to measure how much
the scattering plasma at desired distance d, has moved during lag time t. We assume that the
first (second) pulse is transmitted at time t, (t, + 7). The pulse 1 is scattered at the distance
dwith amplitude of A, (d,)and returned to the receiver at time t; = t, + 2d,/c. The pulse 2 is
scattered back at the distance d_ with amplitude of A,(d_) and arrived to the receiver at the

same time t;. Therefore, the total echo amplitude measured at t; is given by
A(ty) = A1(do) + A,(d-) (3.1)

On the other hand, at the time t; + 7 the pulse 1 arrived from a distance d, with the amplitude of
A;(d,) and the pulse 2 arrived from a distance d, with amplitude of A, (d,). Then the amplitude

of total received signal at t; + 7 is given by
A(ty + 1) = A(dy) + Ay(dy) (3.2)
Therefore, the mean ACF of the signals at lag T can be written as
(A(t1) - A(ty + 1)) = (41(do) - A2(dp)) + (41(do) - A1(dy)) +
(A2(d-) - A;(d4)) +(Azx(d-) - Ay(do)) (3.3)

The above equation shows that the ACF for lag t contains four terms, but only the first

term originates from the same distance d,. Terms 2, 3 and 4 include signals received from
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different ranges; such signals are expected to not correlate, which means that in Eq. (3.3) the
terms 2, 3 and 4 should average to zero. In order to minimize the effect of uncorrelated terms on
the resultant ACF measurements, the SuperDARN radars transmit the pulse sequence many
times and compute the mean ACF of received signals. Since terms 2, 3 and 4 are contributions of
uncorrelated signals from different distances, they can be neglected in the mean ACF. Equation
(3.3) then reduces to

(A(t1) - Aty + 1)) = (A1(do) - A2(dp)) (3.4)

The ACF from above equation can be written in terms of its amplitude A,,, and phase ¢ as

follows
(A(tl) b A(t1 + T)) = Amei(p (35)
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Figure 3.2: Range-time diagram for the 2-pulse sequence.

The measurements of the phase when a radar transmits a 2-pulse sequence are not as

precise as compared to a multiple-pulse sequence transmission. In addition, it is impossible to
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determine the spectral width of backscattered signal by transmitting 2-pulse sequence. That is
why the SuperDARN radars use a multiple-pulse sequence (currently 8-pulse) with different
values of 7 (Fig. 3.1). Then, as it is shown in Fig. 3.3a, the ACF can be determined at a sufficient

number of time lags and the phase of the ACF at each time lag can be is given by

Im(ACF)) (3.6)

— -1
¢ = tan <Re(ACF)

An example of a plot for the phase as a function of time lag is presented in Fig.3.3b. As shown,
the phase varies linearly with time lag between 47m. This information is sufficient for inferring

the Doppler shift of the echo.
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Figure 3.3: (a) The real and imaginary parts of the ACF versus time lag (b)The phase of the
ACF versus lag number (c) FITACF power in the Lorentzian Py(7) = Pj,,e~*¥ and Gaussian

P,(1) = Pme‘("’“)2 least-square fits (d) Fourier transform of the ACF with velocity (vertical
line) and spectral width (horizontal line) obtained using Lorentzian FITACF (Villain et al.,
1987).

3.1.3 Doppler shift measurements and computing the Line-of-Sight velocity

Principle of the LoS Doppler velocity derivation from the measurements of phase of the
ACF is illustrated in Fig. 3.3c. The mean Doppler shift in terms of the phase of the ACF at the

time mt (where k is the set of integers) can be written as
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_ %x
(wp) = (3.7)
where ¢ is given by Eq. (3.6). The Doppler velocity in terms of the Doppler shift frequency can
be written as (Schiffler, 1996)

c{wp)
4m fr

vp = i (38)
where (wp) = 2nf, = 2n(fg — fr) is the mean Doppler shift angular frequency that is inferred
from ACF slope analysis, Eq. (3.6). We note that since the motion of plasma irregularities at high
latitudes is close to the convection (Hall drift) vy, the SuperDARN radars detect the LoS

component of vy.
3.1.4 Fitting technique to compute the backscattered power and spectral width

Figure 3.3a shows that the real part of the ACF is maximized at lag number zero and as
lag number increases, the ACF decays. This is because as the time lag between signals increases,
the signals become less correlated. Considering measured amplitude at lag number zero (where
the Imaginary part of the ACF is zero) is one of the possible ways to determine the backscattered
power (P,). We can also use the Lorentzian or Gaussian least-square fits of the ACF (Fig. 3.3c)
to determine the backscattered power. The Lorentzian FITACF is presented by a Lorentzian

function with the decay constant A as follows
Py(t) = Pume (3.9)

where P;,,, (maximum power) specifies the maximum Lorentzian backscattered power (P;). This
is the power of the Lorentzian FITACF at time lag z = 0. On the other hand, the Gaussian

FITACF is presented by a Gaussian function with the decay constant ¢ as follows
Py(1) = Pyye™ @k (3.10)

where P;,,, (maximum amplitude) specifies the maximum Gaussian backscattered power (P,).
This is the power of the Gaussian FITACF at time lag T = 0. Therefore we have three
approaches to determine the backscattered power: 1) Measuring the power of real part of the

ACF at T = 0 where Imaginary part is zero, 2) Measuring the Maximum power of the Lorentzian
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FITACF (P,) at time lag T = 0 and 3) Measuring the Maximum power of the Gaussian FITACF
(P,) at time lag T = 0. In this thesis, P, is used to present the Polar/SuperDARN backscattered
power.

The spectral width of backscattered signal can be obtained by using the Wiener-Khinchin
theorem. According to this theorem, the Fourier transform of the ACF yields the power spectrum
of the backscattered signal in terms of the velocity. Then the full width at the half maximum
power specifies the spectral width of the backscattered signal. In the case of the Lorentzian
FITACF, Eq. (3.9), the Lorentzian spectral width (Av;) obtained from the Wiener-Khinchin

theorem can be written as

Av, = Ac 3.11
vl - 27TfT ( . )

For the Gaussian FITACF, Eq. (3.10), the Gaussian spectral width (Aw,) is given by
Avy = 2vIn2 — (3.12)

2 fr

Figure 3.3d shows an example of the Fourier transform of the ACF with velocity (vertical
line) and spectral width (horizontal line) where the Lorentzian least-square fit is considered.
Experimentally, it is established that the F-region (E-region) ACF is well represented by the

Lorentzian (Gaussian) function (Villain et al., 1996).

3.1.5 Interferometry technique to measure elevation angle of echo arrival

The elevation angle is the angle of arrival of the returned signal with respect to the
ground. The knowledge of the elevation angle is important for determination of the ionospheric
region where the backscattered signal comes from. Ponomarenko et al. (2011) applied the
elevation angle data to determine the critical plasma frequency of the F layer and then the
background electron density of the ionospheric F region where the signal is scattered from.

In order to measure the elevation angle, the SuperDARN radars use an additional
interferometry array in combination with the main array. The main array is comprised of 16
antennas that transmit and receive the radio signals while the interferometer array consists of

only 4 receiving antennas. The method of the elevation angle measurements is explained in Fig.
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3.4. At elevation angle ¢ the backscattered signals received by the main and interferometer
arrays have a path length difference of Ax = d cos 6, where d =100 m is the distance between
the two arrays. Since the phase shift due to this path length difference is Ap = (2w /1) Ax, then

¢ can be written as

¢ = cos‘l(%mp) (3.13)

The phase shift can be determined by measuring the time difference between backscattered
signals received by the main and interferometer arrays. Then the elevation angle can be obtained
from Eq. (3.13).

Returned signals

P Elevation angle

Interferametry array Main array

d=100 km

Figure 3.4: The geometry of interferometry technique to measure the elevation angle.

3.1.6 Propagation modes of SuperDARN radio waves in the ionosphere

Radio waves in the HF band can propagate for long distances in the Earth ionosphere.
This is possible due to the effect of refraction that causes bending of the radio waves propagating
through the ionosphere. In a simplest approximation the ionosphere can be considered as

comprised of several thin layers with different refractive index (Fig. 3.5). Since the electron
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density increases with height up to the F region, plasma frequency also increases and as a result
the refractive index, given by Eq. (2.20), becomes smaller. Therefore the path of the radio wave
becomes more horizontal to the earth’s surface and the reflection of the radio wave can
eventually occur. At this level, applying the Snell’s law to the boundary of layers, results
n = sin i, (Where i, is the angle of the incident wave from the zenith as it enters the ionosphere).

Substituting this equation into the Eq. (2.20) yields the required condition for reflection as
wp = W COS i (3.14)

For vertical incidence i, = 0, the plasma frequency of the medium equals the radio frequency of
the wave at the reflection level. For w, > w, the refractive index becomes imaginary and the

wave is vanished. Therefore, the reflection occurs wheren = 0.

Figure 3.5: A cartoon explaining reasons for strong bending of HF radio waves in the

ionosphere.

Figure 3.6 shows possible trajectories of radio HF waves in the ionosphere and their
classification. The “2E- and Y2F-hop propagation modes are direct ionospheric backscatter from
the E and F regions. lonospheric echoes can also be received through the 1%E- and 1%F-hop
propagation modes where the radio waves are reflected by the ground before and after scattering
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from the E and F regions. The ground scattered signals can be detected through the 1E-, 2E-, 1F-

and 2F-hop propagation modes as they are shown in Fig. 3.6.
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Figure 3.6: Propagation modes of the HF radio waves in the ionosphere.

3.2 CHAIN CADI operation

The CADI instruments are designed to measure electron density profiles in the
ionosphere and plasma flow vector in the zenith of a station. The CHAIN network is currently
comprised of the five operational digital ionosondes that are at very high latitudes, mostly within
the polar cap. The location of CADIs is shown by yellow triangles on the map in Fig. 1.9. The
network was established for collaborative experiments with other instruments such as the
SuperDARN radars and optical imagers.

CADI consists of one transmitter and four receivers. The transmitting antenna is a delta
antenna, and the receiver antenna array consists of four dipoles along the centres of the four sides
of a square. The peak pulse power of the transmitter is 600 W. The pulse coding for CADI is a
7/13-bit Barker code. CADI operates in the HF band of 1-20 MHz and has a height coverage
range of 90-1024 km with 6-km resolution. The primary CADI products are the ionograms with
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up to 1-min resolution and the electric field (plasma convection) vector with 30-s resolution. In
the following, we describe how the electron density of the F2 peak and the electric field at F-

region heights can be determined from CADI observations.

3.2.1 lonograms: critical frequency and computing maximum electron density

An ionosonde operates on the principle of total reflection of radio waves from
ionospheric layers. It transmits radio wave pulses vertically into the ionosphere and measures the
echo delay time At. Therefore the height of reflection, by assuming that the pulse travels at the
speed of light c, equals to h = cAt/2. This height is called the virtual height. In reality, for the
high-frequency approximation the pulse travels with the group velocity of u, = nc. Since the
refractive index is smaller than one, the pulse travels more slowly than speed c. Therefore, the
real height of reflection is lower than the virtual height.

In the absence of the magnetic field, the refractive index is given by Eq. (2.20) where the
plasma frequency wj is proportional to the background electron density n,.. From the typical
density profile in the ionosphere (Fig. 1.4) we know that the electron density increases with
height and reaches its peaks in the E- and F-region heights. Therefore the plasma frequency
increases and the refractive index becomes smaller as height increases. For w, > w, the
refractive index is imaginary and the radio wave cannot penetrate deeper into the ionosphere.
Thus the total reflection of the radio wave occurs where the plasma frequency equals the
frequency of the transmitted signal, i.e. w, = w. The maximum of the frequency at which the
reflection occurs is called the critical frequency of the layer. The ionosonde sweeps in the
frequency between 1 and 20 MHz, but only signals with the frequency less than the critical
frequency of the reflecting layer are detected by the receiver. At each transmitted frequency, the
virtual height of a reflecting layer can be found from the delay time of the echoes. The result of
these two measurements is represented on an ionogram where the virtual height is displayed as a
function of the transmitted frequency. The real height profile can be inferred by taking the
refraction index into account.

An example of Resolute Bay CADI ionogram that illustrates the critical frequency of the
F2 layer is shown in Fig. 3.7. One interesting feature of this ionogram is that there are two close
traces of echo and two corresponding values for the critical frequency. This is due to the

existence of the magnetic field. Considering the presence of magnetic field in the Appleton-
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Hartree equation (Hargreaves, 1992) yields two values for the refractive index. Therefore, the
radio waves propagate at two different speeds and there are two different modes called ordinary
(O) and extraordinary (E) modes. Further calculation gives simple relation between the critical
frequency and the electron density for these two modes as follows

O-mode: for = 8.98 \/nge (3.15)
E-mode: for = 8.98 /ng, + 0.5 Q, (3.16)
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Figure 3.7: RB CADI ionogram on 01 July 2010 at 18:00 UT. The symbols foF2 and feF2
denote the ordinary and extraordinary critical frequencies of the F2 layer.

The CADIs produce one minute resolution ionograms and determine the critical
frequency of the reflecting layer. In this study we use the ordinary critical frequency data
provided by the RB CADI to determine the background electron density maximum, Eqg. (3.15).
The result is used in Section 5.1 to investigate the effect of the electron density on occurrence of

F-region echoes over RB.

3.2.2 Measuring convection (Hall drift) using CADI

In addition to the sweep-frequency measurements (ionograms), CADIs use the fixed
frequency measurements to determine the Doppler shift, the angle of arrival and the echo power
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of individual reflectors in the ionosphere. The fixed-frequency measurements are done every 30 s
at the frequency of ~3, 4, 5 and 6 MHz. The Doppler shift can be determined from the rate of
change of the ACF phase by the same method described in Subsection 3.1.2. Angles of arrival
are measured in two different directions. First one is the angle east of the north-south (N-S)
meridian plane, 8z, and the second one is the angle north of the east-west (E-W) vertical
plane, 8. In other words, 6y and 8 are the off-zenith angles in the N-S and E-W directions.
These angles can be measured by the interferometry technique that we described in Subsection
3.1.4. Angles of arrival and the measured Doppler shift for each reflector are plotted as a
skymap. Figure 3.8a illustrates the principle of the Doppler shift measurements by CADI
ionosondes. A sample of skymap from measurements of the angle of arrival and the Doppler

shift is shown in Fig. 3.8b.
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Figure 3.8: (a) The geometry of convection measurements by CADI ionosondes (b) RB CADI
skymap on 01 January 2005 at 22:00 UT.

Information on angles of arrival is used to determine the exact arrival direction of the
wave vector k that is oriented from each reflector toward or away from the ionosonde. Therefore
three components (N-S, E-W and vertical) of the plasma velocity can be computed by

minimizing the difference between measured and assumed velocity vector
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i o (s = ) (3.17)

where w is the echo power in logarithmic scale known as source weight, f, is the Doppler shift,
vy is the assumed convection vector, k is the wave vector and the index s indicates the source
number.

Since the vertical component of CADI velocity vector is almost along the equipotential
magnetic field lines in the polar cap region, the values of this component are small and usually
negligible. Therefore the convection velocity in the horizontal plane v;,,,- can be determined by
combining the N-S and E-W components. The value of v, gives us the magnitude of the
convection vy = E/B. Finally, the electric field is computed by considering B =~ 0.5 G (the
typical strength of geomagnetic field at the F-region heights in the polar cap).

In Section 5.2 we will use the RB CADI measured electric fields to investigate the
electric field as an irregularity production factor for HF echoes observed by the RKN
PolarDARN radar.
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CHAPTER 4

TRENDS IN OCCURRENCE OF F-REGION HF ECHOES IN THE
AURORAL ZONE AND POLAR CAP

Our first task is to generally assess HF echo occurrence rates for several HF radars. We
consider the Rankin Inlet (RKN) and Inuvik (INV) radars, the so called PolarDARN radars,
monitoring the polar cap ionosphere and the auroral zone radars Saskatoon (SAS) and Prince
George (PGR) monitoring much broader areas in the same sector of Arctic. Although all four
radars are part of the SuperDARN initiative, for brevity, we will call the SAS and PGR radars as
the SuperDARN radars in contrast to RKN and INV, the PolarDARN radars. All four radars are
run by the University of Saskatchewan radar group, and this is one of the reasons we focus on
these radars.

In studying echo occurrence rates we pursue two goals. First, we want just to learn more
about this phenomenon. The second goal is to test some ideas on the reasons for occurrence of
HF coherent echoes. We explained in Chapter 2 that the irregularity production factors and the
radio wave propagation factors need to be considered to understand why HF echoes occur. The
relative role of these factors for each individual radar or season is a formidable task since
simultaneous measurements of many parameters in the radar FoVs are required. These are not
available now and in near future. However, some conclusions can be reached in a statistical
sense through investigation of the long-term echo occurrence trends (Koustov et al., 2004) or by
studying the relationship of echo occurrence with other phenomena such as magnetic storms
(Kumar et al., 2011). This is because the power of F-region coherent HF echoes is expected to
depend upon the electric field and electron density in the scattering volume (Chapter 2). Both
these ionospheric parameters experience seasonal change which should lead to a seasonal
variation in echo occurrence as well.

In this Chapter we consider the F-region echo detection rates at various latitudes and

magnetic local times. The thrust is on magnetic local time and seasonal trends in echo
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occurrence. At the end of the Chapter we consider solar cycle variation for the SAS radar, well
suited for the task.

4.1 Data selection and approach to processing

The SuperDARN radars at SAS and PGR have been in operation for many years, since
1993 and 2000, respectively. The RKN and INV PolarDARN radars started regular observations
in 2006 and 2008, respectively. Although we processed all data collected by the radars, here we
present observations for some specific periods to be concise and more clearly articulate our

conclusions.

4.1.1 Radar selection

Figure 4.1 shows the FoVs of the PolarDARN/SuperDARN radars in the Western
Canadian sector. The RKN and INV radars monitor MLATSs of ~75°-90° while the SAS and
PGR radars detect echoes starting from MLAT of ~65°. We consider data only from the beams
nearly perpendicular to the contours of equal magnetic latitude (beams 4-6 for PolarDARN, 2-3
for SAS and 12-13 for PGR). These selected beams are shown by shaded areas in Fig. 4.1. The
meridionally-oriented beams were chosen to reduce the variability in echo occurrence due to
different orientation of the beams with respect to the average convection pattern. We will
illustrate differences between echo detection rates in various RKN beams later. To have a
uniform data set, only observations in the standard operating mode (2-min or 1-min sequential
16-beam scans) were considered. In practice, there were usually ~15 days of measurements for
each month.

For each of the radars, the echo occurrence rate was computed as a ratio of the number of
registered echoes in every individual radar gate to the total number of observations in this gate
over each month. A similar approach was undertaken by Koustov et al. (2004). Only ionospheric
echoes stronger than 3 dB were counted. Ratios were averaged for each 10 minutes of
observations and in 1° magnetic latitude bins. Magnetic local time was computed by taking into
account the range and the universal time. In this way, the standard “MLT-magnetic latitude (A)”
plots of echo occurrence were produced, similar to those reported by Ruohoniemi and Greenwald
(1997).
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Figure 4.1: Fields of view of four Polar/SuperDARN radars run by the University of
Saskatchewan in Western Canada. For each radar, beam positions selected for the analysis are
shown by shading. Yellow triangle is the location of the RB CADI ionosonde.

4.1.2 Example of the magnetic local time-magnetic latitude plot

An example of a MLT-A plot for the echo occurrence of the PolarDARN radars in
January 2010 is given in Fig. 4.2. One can notice similarity of RKN and INV patterns with
higher occurrence in a ~6° “belt” of latitudes ~75°-80° and an additional “belt” at latitudes of
80°-85° on the dayside, between about 08:00 and 16:00 MLT. We note here that whenever we
say a latitude of, say 80° it actually means that the data were averaged over 1°-band, i.e.
between 79.5° and 80.5°. There were not too many echoes on the nightside for the higher-
latitude belt as indicated by uniform blue color on the diagrams. Absolute maxima of echo
detection rate for both radars occur during pre-midnight hours of 22:00-23:00 MLT, and RKN
shows another strong maximum during near-noon hours. An important feature of Fig. 4.2 is
overall occurrence rates on the order of 0.3-0.4, which are significantly higher than what has
been reported (for the solar minimum periods) for the auroral zone radars such the SAS radar
(Koustov et al., 2004).
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Figure 4.2: Echo occurrence rates (normalized to 1) at various magnetic latitudes and magnetic
local times for (a) Inuvik and (b) Rankin Inlet for observations in January 2010. Data in roughly
meridionally-oriented beams were considered.

4.1.3 Latitudinal (range) profiles of echo detection

Figure 4.2 indicates that the PolarDARN echoes in January 2010 were frequently
detected starting from the shortest radar ranges at MLAT = 75° on the nightside and at
MLAT=77° on the dayside. Since the geomagnetic latitude of the INV is ~1.5° lower than that
of the RKN radar, the echo band near boundaries do not coincide implying that care must be
taken in selection of the closest latitude of F-region echo detection. We note that at the closest
magnetic latitudes one expects mostly E-region echoes, and transition to ranges with purely F-
region echo detection is fuzzy; it is a general assumption that F-region echoes occur ~6° of
MLAT (10 range gates) away from the radar location (e.g., Makarevich, 2010). This would
correspond to MLAT=80° for RKN and MLAT=78° for INV.

To analyze the variation of echo occurrence with magnetic latitude, averaged values over
1°-belts of magnetic latitude and 24 hours of MLT were computed, Fig. 4.3. Figure 4.3 plots
RKN (red) and INV (blue) echo occurrence rates for observations in January 2010. In Figure 4.2
(and all similar diagrams to follow) we do not show the standard deviation of the occurrence in
each bin for clarity of the presentation. The typical standard deviation was 0.12 (0.093) for the
RKN (INV) radar. In agreement with color plots of Fig. 4.2, one can see a strong peak in RKN
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occurrence at MLAT=78°, near the expected far edge of the E-region echo detection. The INV
data do not show a sharp peak; instead, a more smooth in latitude distribution is seen with the
maximum at MLAT=75°. For latitudes above 80° all the way up to ~90°, both radars detect F-
region echoes at comparable rates and both show a steady decrease. For this reason, to compare
occurrence rates for the two PolarDARN radars we assigned the latitudes of 80°-85° as the ones
representing the ranges with high F-region echo detection rate. We note that MLAT=80° (85°)
corresponds to the RKN range of ~900 (~1575) km. We believe most of the echoes at these

latitudes are received through %2-hop propagation mode.
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Figure 4.3: Averaged echo occurrence rates at various magnetic latitudes for the INV (blue) and
RKN (red) PolarDARN radar observations in January 2010. Vertical dashed lines delineate the
band of latitudes with highest F-region echo detection.

Table 4.1 shows average echo occurrence rates over three bands of latitudes (for the data
presented in Fig. 4.3). First (second) column refers to RKN (INV) observations. The last column
is the ratio of RKN occurrence rate to INV occurrence rate. One can see that in the first band, the
RKN radar sees much more echoes but this happens mostly because of predominant E-region

echo detection here. At farther ranges, the rates are more comparable, the ratios are closer to one.
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Table 4.1: Average (over 24 hours) echo occurrence rates for the INV and RKN PolarDARN
radars in January 2010 in three bands of MLATS.

MLAT RKN INV RKN/INV
75°-80° 0.25 0.20 1.25
80°-85° 0.14 0.12 1.17
85°-90° 0.05 0.05 1.00

4.2 Seasonal change in overall echo occurrence

To quantify the occurrence rates for the PolarDARN radars for various seasons, we
computed average rates for MLATS between 79.5°-85.5° (for brevity, we denote this as 80°-85°)
over 24 MLT and for each month. Figure 4.4 presents obtained values (INV, blue line and RKN,
red line) for the year 2010. For simplicity of presentation, here we consider data in 2010. It is
notable that the observations in other years, 2007, 2008 and 2009, show the same features as the
observations in 2010. The typical standard deviation was 0.057 (0.054) for the RKN (INV) radar.
One can see that the average occurrence rates and the trends are remarkably similar. The rates
are smallest during summer months and they increase up to maximum values for March and to
near the maximum value for September. There is a decrease of the rates towards winter, from
March to January, and the rates fluctuate around the September level for the October-December
period. Roughly speaking, the difference in echo occurrence rates between summer and winter is
a factor of ~2. We note that plots for other years of PolarDARN operation are very much similar
to those presented in Fig. 4.4.

Figure 4.4 also shows the average occurrence rate for the auroral zone SuperDARN
radars at SAS and PGR (SAS, solid line; PGR, dotted line). The rates were computed in the same
way except that 6°-latitudinal bands were selected between 75° and 80°; these are the latitudes
with maximum echo occurrence for these radars (Liu, 2010). The typical standard deviation was
0.057 (0.054) for the SAS (PGR) radar. The curves for the SAS and PGR radars have broad
maxima centered near spring and fall equinoxes. The summer occurrence rates are about 2 times
smaller than the rates at equinoxes. One can also realize that the PolarDARN radars detect much
more echoes than the SuperDARN radars at SAS and PGR. It is notable that for MLATs=80°-
85° the PolarDARN radars are in Y2-hop propagation mode while for MLATs=75°-80° the
SuperDARN SAS and PGR radars are in 1%2-hop propagation mode.
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Figure 4.4: Monthly averaged echo occurrence rates over 24 hours between magnetic latitudes
of 80° and 85° for the INV (blue) and RKN (red) PolarDARN radars and between magnetic
latitudes of 75° and 80° for the SAS (solid line) and PGR (dotted line) SuperDARN radars. 2010
data collected in beams shown in Fig. 4.1 were considered.

To give a sense of differences, we computed average occurrence rates over four seasons,

winter (December, January and February), spring equinox (March, April and May), summer

(June, July and August) and fall equinox (September, October and November). The data for the
SAS and RKN radar are presented in Table 4.2.

Table 4.2: Average (over 24 hours) echo occurrence rates for the RKN and SAS radars and their
ratios in four seasons in bands of MLATSs with the best echo detection (80°-85° for RKN and
75°-80° for SAS) and the same band of MLATS (80°-85° for both radars).

season | RKN SAS SAS RKN/SAS RKN/SAS
(80°-859) | (75°-80°) | (80°-85%) | (best MLATS) | (same MLATS)
Winter | 0.15 0.06 0.05 2.50 3.00
Spring 0.13 0.07 0.04 1.86 3.25
Summer |  0.06 0.04 0.015 1.50 4.00
Fall 0.12 0.06 0.03 2.00 4.00
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One can see that the ratio of the rates varies from 1.5 (summer) to 2.5 (winter). We also
present in Table 4.2 the ratio of the SAS echo occurrence at magnetic latitudes of 80° and 85°
and the RKN echo occurrence at these latitudes, i.e. the ratio for the echo occurrence within the
same MLAT echo bands. The ratios here are larger, especially for equinox and summer, which
indicates that the PolarDARN radars are more successful, overall, in monitoring echoes in the
polar cap. One should notice that for the MLATs=80°-85° the RKN (SAS) radar is in %- (1%2-)
hop propagation mode. For MLATs=75°-80° the SAS radar is also in 1%2-hop propagation mode.

4.3 Equinoctial maxima in echo occurrence in various MLT sectors

The monthly-averaged data for the SuperDARN radars show the enhanced echo
occurrence during equinoxes. This effect for the midnight sector of the auroral zone
(SuperDARN radars) was reported by Koustov et al. (2004) and one should expect it for the
polar cap (PolarDARN radars) as well. The PolarDARN data of Fig. 4.4 show some signatures of
the effect but not clearly. This poses a question on the reason for such a difference. One of the
potential reasons is that the PolarDARN radars do not show many echoes at MLATS > 80° in the

midnight sector (e.g., Fig. 4.2).
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Figure 4.5: Occurrence rates of the PolarDARN INV (blue) and RKN (red) radars and
SuperDARN SAS (solid line) and PGR (dotted line) radars for various months of 2010: (a) for
the 11:00-13:00 MLT sector and (b) for the 17:00-19:00 MLT sector.
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Figure 4.5 shows occurrence rates of the PolarDARN (INV, blue line and RKN, red line)
radars and the SuperDARN (SAS, solid line and PGR, dotted line) radars for various months of
2010 in two time sectors, 11:00-13:00 MLT and 17:00-19:00 MLT. For simplicity of
presentation, here we consider data in 2010. It is notable that the observations in other years,
2007, 2008 and 2009, show the same features as the observations in 2010. The typical standard
deviations for individual bins in the plots here range from 0.015 to 0.026. The dayside data do
not show any equinoctial maxima while the data for the dusk sector show them clearly, for all the
radars considered. To quantify the strength of the equinoctial maxima effect we considered every

2-hour period of observations and introduced a parameter R:

N =

R = 5 [0CCgquinox/OCCsymmer + OCCrquinox/OCCwinTER] (4.1)

where occurrence rates for various seasons were taken as average for March-April and
September-October to represent equinox, June-July to represent summer and December-

January to represent winter. This parameter would be largest for the curves that have strongest
contrast between occurrence rates in equinox as compared to other seasons (like the ones shown
in Fig. 4.4). In absence of the effect, R should be close to 1. The results of computations are
presented in Table 4.3.

Table 4.3: Parameter R, characterizing the strength of the equinoctial maxima, for PolarDARN
(RKN, INV) and SuperDARN (SAS, PGR) measurements in 2-hour periods of magnetic local
time. 2010 observations in bands of MLATs with the best echo detection (80°-85° for
PolarDARN and 75°-80° for SuperDARN) were considered.

MLT RKN INV SAS PGR
0-2 3.7 5.5 3.2 3.1
2-4 2.5 4.7 1.5 2.6
4-6 2.6 2.6 3.6 7.0
6-8 1.4 1.4 3.0 2.0
8-10 0.7 0.7 1.2 1.8
10-12 1.0 0.8 0.9 1.0
12-14 1.2 1.0 1.0 0.9
14-16 1.9 1.7 1.5 1.8
16-18 3.2 2.6 3.9 36.5
18-20 3.9 2.8 4.3 13.7
20-22 4.2 4.7 2.5 3.3
22-24 4.0 6.8 5.2 7.3
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One can see that the maxima are not recognizable for observations between 06-12-16
MLT (dayside), R < 2, and they are obvious for observations between 18-24-06 MLT
(nightside), R > 2. The large values of R for the PGR radar between 16-20 MLT are because of

very low occurrence rates during winter observations.

4.4 Hourly occurrence rates for the Rankin Inlet and Saskatoon radars during the solar

minimum period

Data of Fig. 4.2 indicate that occurrence rates depend on magnetic local time. Our next
step is to investigate the seasonal and MLT effect in echo occurrence by considering hourly-
averaged data, i.e. on a finer temporal scale. Only the RKN and SAS radar data will be presented
here; the INV (PGR) data are consistent with RKN (SAS) tendencies to be discussed.

Figure 4.6 shows RKN and SAS echo occurrence rate versus MLT for observations in the
period of solar minimum from 2007 to 2010. All the features discussed earlier are recognizable
in Fig. 4.6. First, one can clearly see enhanced echo occurrence during winter time. The new
feature visible here is predominant occurrence of winter echoes at near noon hours. It is
important to realize that at ~12:00 MLT the central beams of the RKN radar are orientated
towards the Sun, i.e. they roughly correspond to the local solar noon. For an individual year, for
example between summer of 2009 and summer of 2010 (middle part of the diagram), the March
and September (equinox) noon maxima are not as strong as winter time and there are additional
“dawn” and “dusk” maxima at ~06:00 and 18:00 MLT. The pattern of high echo occurrence rate
in Fig. 4.6 looks as a “cross” centered around winter noon, for both radars. As season progresses
(April-May), the noon maximum weakens, while the dawn and dusk maxima continue to persist.
During summer, however, the dawn and dusk maxima disappear so that only near noon echoes
are detected by the RKN radar and almost no echoes are detected by the SAS radar. We note that
the RKN near noon echo maximum is weakest during summer time. Figure 4.6 thus shows that
while echoes are mostly detected for near noon hours during winter and summer months, they

are often seen in other time sectors.
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Figure 4.6: (a) RKN and (b) SAS echo occurrence rates versus MLT for various months of
2007-2010. Only data at the magnetic latitudes of best F-region echo detection (80°-85° for RKN
and 75°-80° for SAS) were considered.

4.5 Near-noon “depression” in echo occurrence for the PolarDARN radars in December
2009

While investigating plots similar to the ones presented in Fig. 4.6 but for observations in
1° band of latitudes (i.e. on a finer latitudinal scale), we discovered a very interesting feature for
observations at near noon winter hours. The effect is demonstrated in Fig. 4.7 where we show
occurrence rate (versus MLT) for the RKN and SAS radars in December 2009. The typical
standard deviations in individual bins here were 0.05-0.1 for both radars. One can see that around
12:00 MLT, the RKN occurrence rate experiences a minor “depression” at MLAT=83°. The
depression lasts for several hours. The SAS occurrence rate, on the contrary, is at maximum

during these hours so that the SAS radar, detecting echoes through 1%-hop propagation mode,
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observes more echoes than the RKN radar detecting echoes through the direct ¥%2-hop propagation

mode.

Echo occurrence (rel.units)

Time (MLT)

Figure 4.7: Occurrence rate of RKN (red) and SAS (black) echoes versus MLT at magnetic
latitudes of (a) 79° (b) 81° and (c) 83° in December 2009.

4.6 Solar cycle effect on occurrence of Saskatoon F-region echoes

The data accumulated by the SAS radar since 1993 provide an opportunity to look at
long-term trends in echo occurrence. An important feature of this radar is exceptionally diligent
work in radar maintenance so that it has been consistently at the top of its capabilities in terms of
hardware/electronics operation. We note that at certain point (~2001), the radar started working
in the sounding mode with a search for the radar frequency with the best echo occurrence. This
improvement has been kept ever since. Unfortunately, as we will show, it is difficult to assess
quantitatively the impact of the improvement as the period of transmitting frequency search
introduction coincided with the solar cycle maximum when the number of echoes was the largest

due to geophysical reasons.
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Figure 4.8: Monthly-averaged echo occurrence rates at various magnetic latitudes for the SAS
radar observations in January 2002 (thick line) and January 2010 (thin line) during (a) near noon
hours (11-13 MLT) and (b) near midnight hours (23-01 MLT). Vertical dashed lines delineate
the band of latitudes with highest F-region echo detection. These bands have been considered for
data averaging.

We computed the occurrence rates for the SAS radar similarly to the 2008-2010 data
discussed above with one exception: we selected slightly different bands of echoes to be
considered. The reason is that over the solar cycle, the band of F-region echoes shifts closer or
away from the radar in accord with variations of the typical electron density in the ionosphere
(Danskin, 2003). Figure 4.8 presents echo occurrence rates in January during near noon and
midnight hours in January 2002 (solar maximum period) and 2010 (solar minimum period). One
can see that for a fair assessment of the near noon data the latitudes should be 76°-86°, while for
the midnight hours, the latitudes should be 68°-78°. These bands were adopted for the entire SAS
data base. The selection of near noon and near midnight observations is not an arbitrary choice.
We processed data in other MLT sectors and found that near noon and near midnight data are
two extremes.

Figure 4.9 shows variations of the SAS echo occurrence rate for winter (blue line), spring
equinox (solid black line), summer (red line) and fall equinox (black dotted line) for the period

of 1994-2010. The selection of months for each season is as follows: December, January and
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February for winter; March, April and May for spring equinox; June, July and August for
summer and September, October and November for fall equinox. Each point in Fig. 4.9 is an
average over season rate. We also show in Fig. 4.9a the 10.7-cm radio flux averaged over the
same seasons. This panel indicates that the Sun’s activity was highest (lowest) in 2000, 2001 and

2002 (1996 and 2008).
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Figure 4.9: Season-averaged (a) 10.7-cm radio flux; (b) SAS radar echo occurrence for

observations near noon hours (11-13 MLT); (c) SAS echoes near midnight hours (23-01 MLT).

All data in the period of 1994-2010 were considered.

Observations on the dayside, Fig. 4.9b, show quite a different trend of winter data as
compared to all other seasons. First of all, the winter values of occurrence (blue) are several

times larger than other seasons. Secondly, the plot shows a strong decrease in winter echo
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occurrence with minimum in 2003 and 2004. This period is not exactly the maximum of the solar
activity, but rather the declining phase of the solar cycle. Finally, occurrence rates for other
seasons are comparable varying around 5%.

Observations on the nightside, Fig. 4.9c, show very clear maxima for all seasons
coinciding with the period of the solar activity maximum. Largest rates were reached during
equinoxes. Another feature of the data is that the summer curve (red) is well above black and
blue curves away from the solar maximum periods. Thus the echo occurrence enhancement at
the solar maximum (as compared to other years) is smallest for summer seasons, when the
increase is about 3 times, and larger for other seasons, when it is on the order of 10. We note that
although the increase in number of echoes for the solar maxima periods has been reported in the
past, here we not only show the strength of the effect for various seasons, but also show that on
the dayside there is not much of an enhancement and rather a “dip” was observed in 2003-2004.
We processed data for the Prince George and Hankasalmi radars and found similar feature in
their data. This implies that the dip is not an instrumental effect but rather real geophysical

phenomenon that requires explanation.

4.7 Discussion

The presented data demonstrated once again that the occurrence of F-region echoes
depends strongly on the radar location, season and time of the day. We showed that the INV and
RKN PolarDARN radars, despite having difference in geographic locations (by 6°) but minor
difference in magnetic location (by 1.5°) show similar trends and comparable echo occurrence
rates. We found that the patterns of echo occurrence at certain latitude are similar for the RKN
PolarDARN radar (Y2-hop propagation mode at MLATs=80°-85°) and the SAS auroral zone
radar (1%2-hop propagation mode at MLATs=75°-80°). The difference was mostly in the
occurrence magnitude, Fig. 4.6.

For SAS observations at magnetic latitudes of 80°-85°, the same band as for the RKN
radar, despite the fact that the SAS radar detects echoes very likely through 1%2-hop propagation
mode, the pattern of occurrence (actual data were not presented) is somewhat similar to
observations at lower magnetic latitudes with the maximum during winter noon hours and
additional echo detection away from the noon (with much lower rates) for other months except

of summer periods when very few echoes are observed. We note that, according to our analysis,
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for the periods of solar maximum, the SAS radar does not show an increase of near noon echoes,
contrary to the midnight observations.

The contrast between the RKN and SAS radars in echo detection rates for the polar cap
latitudes of 80°-85° is higher than for the best echo detection zones. This is not a surprise since
for the auroral zone radars one need additionally satisfactory conditions for radio wave bending
and reflection from the ground to reach these high latitudes. Summer time the HF radar wave
bending is not a critical factor as the electron density is typically sufficiently high. There are
fewer problems with the ground reflection conditions as well, contrary to winter when icy
surfaces reflect poorly. One then would expect the strongest differences winter time, which is not
the case according to Table 4.2. The reported difference in echo occurrence implies that besides
refraction and reflection from the ground, additional factors control polar cap echo detection with
the auroral zone radars; the irregularities do exist in the polar cap (according to PolarDARN) for
much more extended periods but the auroral zone radar cannot simply detect them.

The observation that for the near noon winter time the SAS radar can see more echoes
than the RKN radar is surprising (Fig. 4.7). It did not happen every December but closer number
of echoes for the SAS and RKN radars around winter noon is a consistent feature of the data
considered. If one recalls that the SAS echoes are received from much larger ranges (farther by
~1500 km), since the echo power is proportional to 1/73 (Walker et al., 1987), the result would
seem even more astonishing. The implication of the effect is that the propagation factors are very
important to keep in mind for the polar cap radars as well, especially during winter time when
the ionosphere is depleted being in darkness over significant periods of time.

The discovered local decrease in number of dayside echoes on the declining phase of the
solar cycle (2003-2005) is an unknown so far phenomenon. We cannot give explanation but one
idea comes to our mind. We noticed that the critical frequencies of the Sodankyla ionosonde for
these years of the solar cycle decline were decreasing much quicker as compared to other years
of solar cycle, see Fig. 1.6. This effect points at a possibility that the ionosphere was less dense

during these years, in a statistical sense, so that propagation conditions were often unsatisfactory.
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4.8 Conclusions

In this study we investigated the F-region echo occurrence rates for four Canadian

SuperDARNY/PolarDARN radars over the solar minimum period of 2007-2010 and showed that

at magnetic latitudes above 80°:

1)

2)

3)

4)

The INV and RKN PolarDARN radars show comparable rates all the time.

The RKN and INV PolarDARN radars detect 1.5-2.5 times more echoes through %2-hop
propagation mode than the SAS and PGR SuperDARN radars through 1%-hop
propagation mode, latitudes of 80°-85° for the PolarDARN and 75°-80° for the
SuperDARN radars.

There is a strong seasonal variation in occurrence rates. On average over 24-hour periods,
echoes are more frequent winter time; the occurrence decreases towards summer where it
is ~2 times smaller. However, for dusk-midnight-dawn sector of 18-24-06 MLT, echoes
are more frequent during equinoxes. The auroral zone radars (SAS and PGR) show

similar equinoctial maxima.

There is a strong variation of echo occurrence with magnetic local time. The character of
the variation depends on the season. For winter and summer, echoes are more frequent
near noon. For equinox, additional maxima occur at dusk-midnight-dawn and occurrence

of echoes during these periods lead to equinoctial maxima in overall echo occurrence.

Additionally, we investigated the near noon and near midnight echo occurrence rates for the

Saskatoon radar over the period of 1994-2010 and showed that

5)

There is a strong, by a factor of 10, increase in SAS nightside echo occurrence towards
solar maximum for all seasons. The effect does not exist for the dayside echoes;
moreover, a decrease in number of echoes, by a factor of ~2 in winter, was discovered

for the declining phase of the solar cycle.
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CHAPTER 5

ELECTRIC FIELD AND ELECTRON DENSITY AS FACTORS
CONTROLLING OCCURRENCE OF F-REGION HF ECHOES

Our second task is an assessment of factors that control HF echo occurrence. We
investigate potential role of two factors, electric field magnitude and F-region electron density in
the scattering volume.

For such a work, an independent instrument measuring these parameters within one of the
SuperDARN radar FoVs is required. In the Canadian sector of Arctic, the CADI ionosonde at
Resolute Bay (MLAT=83°) has been operational for a number of years (Jayachandran et al.,
2009). CADI measures the plasma drift in the zenith of the station as described in Subsection
3.2.2. CADI also measures electron density in the ionosphere by recording ionograms as
explained in Subsection 3.2.1. The RB CADI ionosonde is located in the middle of the RKN
FoV close to its beam 5 and gates 26-27 and thus the RB CADI is convenient for comparison
with RKN data.

Since CADI data are for a localized area of the ionosphere, a direct point-by-point
comparison between the radar and ionosonde data would be the natural approach to address the
problem. Such an approach, however, makes very complex scatter plots that are difficult to
interpret and arrive to a certain conclusion. For this reason, we attack the problem differently,
namely we consider seasonal and MLT variations in occurrence of echoes and compare them
with similar variations in the ionospheric electric field and electron density. Our analysis thus is
not a direct one but it still involves information on the parameters in the scattering volume and
thus it is a step forward as compared to the previous studies in the field that we reviewed in
Chapter 2.
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5.1 Effect of electric field on echo detection

The power of coherent backscatter is proportional to the mean square of electron density
fluctuations (|6n,|?), Eq. (2.25), which might depend on electric field. For the case of E-region
electrojet irregularities the dependence is of a quadratic type (e.g., Uspensky et al., 2001). For the
GDl in the F region, the character of the dependence is not known. However, as we discussed in
Section 2.2, the growth rate of the GDI is proportional to electric field (Eq. 2.15). Since the GDI
is the main mechanism of plasma irregularity formation, one can think of the electric field as
irregularity production factor affecting HF echo detection. This is a starting point in our study of
correlation between variations in the occurrence rates of HF radio echoes for different seasons

and electric field variations in the ionosphere.
5.1.1 Statistics of electric field over RB according to CADI measurements

Figure 5.1 gives histogram distributions of the measured electric field (median value) for
every MLT hour and four seasons in 2010. The seasons were selected as follows: winter -
December, January and February; summer - June, July and August; spring equinox - March,
April and May; fall equinox - September, October and November. For simplicity of presentation,
here we consider data for one full year of CADI observations in 2010. It is notable that the CADI
observations in other years, 2008 and 2009, show the same features as the observations in 2010.
The data show maxima for every season; the median values over all MLTs are in between ~16
and ~18 mV/m with the standard deviation from the mean of ~2-3 mV/m. Winter (blue line)
data, Fig. 5.1, show broad enhancement between ~2 and ~8 MLT, corresponding to late-
evening/midnight sectors. Summer (red line) and equinox data show more distinct near-noon
maxima between 9:00 and 14:00 MLT. The data presented indicate that, despite dramatic
variations in echo occurrence versus MLT (Chapter 4), the average electric field does not change

strongly.

69



30¢[ T
I <E>=16.1mV/m

[ <E>=16.3mV/m
25

—— Summer| ]
— Winter

N
o

—
[4)]

—
o
T

[ <E>=17.4mV/m ' —— Spring
[ <E>=17.1mV/m : — Fall

Electric Field (mV/m)
o 8w

n
o

—
()]

10}

5L : ]
00 06 12 18 24
Time (MLT)

Figure 5.1: Histogram distribution of the hourly-median electric field magnitude measured by
the Resolute Bay CADI as a function of MLT in different seasons of 2010. The averaged values
of electric field magnitude over 24 hours in every season are shown in the upper left hand corner.

5.1.2 RKN echo occurrence rate and CADI electric field over RB

We first show data for the RKN echo occurrence at the magnetic latitude of Resolute
Bay, A =83°, Fig. 5.2. Here measurements in RKN beams 4-6 were considered. One can easily
recognize the “cross” pattern of echo occurrence discussed with respect to the data of Fig. 4.6a.
For observations at 83°, summer noon echo enhancement looks stronger, and another feature is
more frequent echo occurrence during post-noon hours. The winter near noon depression in echo
occurrence discussed in Section 4.5 is recognizable for the December 2009 - January 2010 data.
For convenience of future discussion, we indicate in Fig. 5.2 the time for the local sunrise and
sunset by dashed line. One should notice that the difference between local time (LT) and MLT

for central beams 4-6 of RKN radar is as small as 20 minutes.
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Figure 5.2: RKN echo occurrence rate versus MLT for various months of 2007-2010. Data at
magnetic latitudes of 83° (over Resolute Bay) were only considered. Overlaid white contours
correspond to the echo occurrence of 0.1 and 0.2. Dashed lines represent the sunrise and sunset
time over Resolute Bay.

Figure 5.3a plots electric field magnitude versus MLT for three years, 2008-2010. We
note that the RB CADI electric field data base is quite extensive as for most of hours we had
about 70 individual measurements. The pattern of areas with enhanced electric field is the same
of all the data; there is a strong enhancement around 06:00 MLT winter time and around 12:00
MLT summer time. In addition to electric field data in Fig. 5.3a, the contours of RKN echo
occurrence over RB with the rate of 0.1 and 0.2 are presented. The shape of the contours is the
same as in Fig. 5.2. The near-noon electric field enhancement correlates with small “blobs” of
echo occurrence during summer. The dawn-side enhancements of electric field correspond to the

edge of the area with enhanced echo detection rate.
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Figure 5.3: (a) Electric field according to Resolute Bay CADI plotted as a function of MLT for
various months of 2008-2010. Overlaid white contours correspond to the RKN echo occurrence
over Resolute Bay of 0.1 and 0.2 (compare with Fig. 5.2). (b) Linear Pearson correlation
coefficients (r) between MLT variations of RKN echo occurrence over Resolute Bay and electric
field variations (shown in (a)) for various months of 2008-2010.

To quantify the effect of the electric field in occurrence of RKN echoes, we computed
linear correlation coefficients between the echo occurrence rates and electric field for various
MLT times. The inferred correlation coefficients for each month are presented in Fig. 5.3b. The
correlation is fairly reasonable during summer months and it quickly deteriorates for other
months with the worst result during winter periods. The numerical values of correlation
coefficient between echo occurrence and electric field in January and July of 2008-2010 are
listed in the third column of Table 5.1. The correlation values vary between 0.62-0.67 (with
confidence level values of 0.73-0.75) for the summer months while there is no correlation for

winter months.
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Table 5.1: Linear Pearson correlation coefficient (r) for the variation of echo occurrence rate
versus electric field and electron density. Winter and summer months (January and July) of 2010
were considered.

r r
WiEElr JAUBITER (OCC-Efield) | (OCC-NmF2)
January -0.14 0.88
2008
July 0.67 0.42
January -0.24 0.89
2
009 July 0.64 0.42
January -0.09 0.83
2010
July 0.62 0.33

5.2 Effect of electron density on echo detection

As we discussed in Section 2.3, it is expected that the backscattered power of HF echoes
might depend on the background electron density. In this Section we show the dependence of HF
backscattered power on electron density from observations and investigate correlation between
HF echo occurrence rates at different times of year and variations of the electron density.

5.2.1 Statistics of F2 peak electron density over RB from ionograms data

Resolute Bay CADI regularly produces ionograms, typically with 5-min dwelling time.
The scaling of the Resolute Bay ionograms has been started recently, and we present here data
for the critical frequency of F2 layer available for the period of 2008-2010. For simplicity of
presentation, here we consider data for one full year of CADI observations in 2010. It is notable
that the CADI observations in other years, 2008 and 2009, show the same features as the
observations in 2010. The ionogram scaling work has been done by D. Themens (University of
New Brunswick). The procedure of inferring the electron density of F2 peak from ionograms
was described in Subsection 3.2.1. We note that to achieve complete coverage of the electron
density plot, the RB CADI ionograms were scaled for at least 5 days a month, covering the
beginning, middle and end of each month. Typically, for an individual day, data were available
for every 5-min. For some months, 1-min data were available; these were usually periods of

special experiments.
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Figure 5.4 gives a histogram distribution of the electron density versus MLT for four
seasons. The seasons were selected in the same way as for the electric field measurements
(described in previous Section). As expected, densities are at maximum near magnetic (and
solar) noon (12 MLT) for all seasons at the time of the ionosphere being under strongest Sun
illumination. It is notable that the difference between LT and MLT for central beams 4-6 of RKN

radar is as small as 20 minutes.
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Figure 5.4: Histogram distribution of the hourly-medianF2 peak electron density (NmF2)
inferred from the Resolute Bay CADI ionograms as a function MLT time. Data in different
seasons of 2010 were considered. The averaged values of NmF2 over 24 hours in every season
are shown in the upper left hand corner.

Densities for summer time (Fig. 5.4, red line) are above 2.2 x 10° cm™3 all day long with
a median value of 2.6 x 10° cm™3 (above the threshold of 2.5 x 10° cm™3 in echo detection,
Danskin et al., 2002) so that one would expect no problems with reaching the orthogonality at
any time. Near noon density enhancements are seen during winter (Fig. 5.4, blue line), but closer

toward midnight sector, density significantly decreases to as low as 1.0 X 105 cm™3. The median
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value of density during winter is 1.7 x 10°> cm™3. During equinoxes, near noon density reaches
values of 3.0 X 105 cm™2 which is comparable with summer values. The smallest densities occur
in the midnight sector between 00:00 and 05:00 MLT and 21:00 and 24:00 MLT during
equinoxes. The median value of density during equinoctial months is 2.5 x 10°> cm™2 which is
close to the median of density during summer months. In terms of the seasonal and MLT trends,
the data of Fig. 5.4 are consistent with density measurements by the incoherent scatter radar at
Svalbard, at ~5° lower geomagnetic latitude (Cai et al., 2007). However, the ISR data refer to
the period of maximum solar activity, and this is, very likely, the reason why the density

magnitudes were larger by ~1.5 times in that study.
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Figure 5.5: Scatterplot of monthly-median values of NmF2 according to RB CADI
measurements and density values taken from the IRl model for the RB magnetic latitude. Data
trends are shown by binned values (red dots, bins of 0.25 x 10°> cm~3) and a linear fit (blue
line). Vertical lines illustrate standard deviation in each bin. Total number of points involved (n),
linear Pearson correlation coefficient (r) and parameters of linear fit (the slope of the line (m) and
the line’s y-intercept (b)) are shown in the upper left hand corner. All data for 2008-2010 were
considered.
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In Figure 5.5 we compare F2 peak electron density (NmF2) values obtained from the RB
CADI ionosonde and from the IRI model. We considered IRI density values at MLAT=83° for
every MLT hour and month of 2008-2010. One can notice a general consistency of the data in
terms of a tendency for the IRI values to be smaller than the CADI values. The model and CADI
values are fairly correlated with the linear Pearson correlation coefficient of » = 0.78. The slope
of the linear trend is 0.67. This implies that the IRI values of NmF2 are underestimated by
~30%.

5.2.2 Dependence of HF backscatter power on electron density for the period of solar
minimum 2008-2010

Having the F2 peak electron density inferred from ionogram data with 1- or -5 minute
resolution for about 5 days per month (available resolution of Resolute Bay CADI
measurements) allows us to test an expectation that the backscattered power of F-region HF
echoes increases with the electron density in the ionosphere (Section 2.3). For presentation here,
we considered 36 months of joint RKN radar - CADI ionosonde observations over Resolute Bay
for the years of minimum solar activity, 2008-2010. We compare the simultaneous
measurements of the power by the RKN radar and F2 peak electron density by the CADI
ionosonde over Resolute Bay in Fig. 5.6.

Figure 5.6 shows that the cloud of points is quite spread although one can recognize a
tendency for the echo power to increase with the electron density in the range of CADI values
of (0.5 — 1.2) x 10° cm™3. This is more evident if one looks at the binned values of the power,
red dots in Fig. 5.6. For CADI densities greater than about 1.3 X 10> cm™3, the power seems to
go down. These tendencies are similar to the ones reported by Danskin (2003), his Fig. 4.17. He
considered the Hankasalmi radar observations over the EISCAT spot of electron density
measurements.

The effect of the power decrease at relatively large electron densities can be explained by
the fact that for the denser ionosphere, the ionospheric refraction would shift the band of HF
echo detection to shorter ranges. As a result, at a fixed range (e.g., over Resolute Bay) the power
of backscattered signal would decrease for relatively large values of the electron density
(Uspensky et al., 1994).

76



ST T T T L T T

. ;f 1 n=11977

S 35 ]
o) : ..“" :
i g 2 4

g 20 5 E.::r i N
o L Wi Ly -
o i ::- “h “§ ;
-S 15 I~ % -'
W i %)
Z I .
o 10 :
[ ,."

S5t ]
0'..|....|....|....|....|. o i

0.5 1.0 1.5 2.0 2.5 3.0 3.5

F2 Peak Density ( x10° cm™)

Figure 5.6: Scatterplot of power of RKN echoes over RB versus electron density of the F2 peak
(according to the RB CADI ionosonde) based on point-by-point analysis. Data trends are shown
by binned values (red dots, bins of 0.25 x 105 cm™2). Vertical lines illustrate standard deviation
in each bin. Total number of points involved (n) is shown in the upper right hand corner. All data
for 2008-2010 were considered.

5.2.3 RKN echo occurrence and CADI electron density over RB

Figure 5.7a is a contour plot of electron density at the F2-layer peak versus magnetic
local time for three years, 2008-2010. The shape of the contours is the same as in Figs. 5.2 and
5.3a. In Figure 5.7a the electron density is enhanced during near-noon summer periods. The
overall density is larger in 2010 as compared to 2008 and 2009 and there is a tendency for the
maximum to shift towards the fall equinox in 2009 and 2010. The sunrise/sunset lines (dashed
curves) separate clearly the periods of enhanced/decreased electron density from the periods of
weak density. In addition to the electron density data in Fig. 5.7a the contours of RKN echo
occurrence over RB with the rate of 0.1 and 0.2 are presented. Contours of the echo occurrence

overlap significantly with the areas of the enhanced electron density.
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Figure 5.7: (a) F2 peak electron density according to Resolute Bay CADI as a function of MLT
for various months of 2008-2010. Overlaid white contours correspond to the RKN echo
occurrence over Resolute Bay of 0.1 and 0.2 (compare with Fig. 5.2). Dashed lines represent the
sunrise and sunset time over Resolute Bay. (b) Linear Pearson correlation coefficients (r)
between variations (versus MLT) of the RKN echo occurrence over Resolute Bay and
corresponding variations of the electron density (shown in (a)) for various months of 2008-2010.

To quantify the effect of the electron density in occurrence of RKN echoes, we computed
linear regression coefficients between variations of the echo occurrence and the squared electron
density. The inferred correlation coefficients for each month are presented in Fig. 5.7b. One can
see that correlation is fairly reasonable during summer and winter months. The correlation is
lowest (sometimes does not exist at all) for equinoctial periods. The numerical values of

correlation coefficient between echo occurrence and electron density in January and July of
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2008-2010 are listed in the fourth column of Table 5.1. There is a strong correlation of the order
of 0.83-0.89 (with confidence level values of 0.78-079) for the winter month of January in all
three years. However, in summer month of July the correlation decreases to 0.33-0.42 (with
confidence level values of 0.54-0.63).

5.3 Discussion

Koustov et al. (2004) studied the solar cycle and seasonal variations in echo occurrence
of the SAS radar on the nightside and concluded that the major factor responsible for an increase
in echo occurrence toward solar cycle maximum and during equinoxes is due to enhanced
electric fields and more frequent occurrence of strong plasma gradients, in other words, the
irregularity production factors.

The data presented in this study do not lend significant support for the electric field
factor. Comparison of RKN echo occurrence over RB with CADI electric field measurements
over RB showed that indeed electric fields are somewhat enhanced during summer noon hours
and there is correlation in echo occurrence and electric field changes over a day for this season.
This hints on the potential role of electric field, the irregularity production factor. On the other
hand, during winter time electric fields were strongest in the dawn sector while the amount of
echoes was much smaller here than near the noon. The equinoctial observations are of special
interest because the electric field seems to be about the same all day long (the same blue color in
Fig. 5.3a) while the echoes were mostly observed (with comparable rates) between ~06:00 and
18:00 MLT, i.e. roughly for the sunlit conditions. In addition, according to Fig. 5.3a, the electric
field during equinoxes is not stronger, on average, as compared to other seasons while the
occurrence of echoes (mostly on the dawn and dusk sides) is increased for the equinoxes.
Additionally, as we reported in Section 4.6, the SAS radar shows decrease of near noon winter
echoes during declining phase of maximum solar activity (2003-2005), but close to its
maximum. Since one would expect stronger near noon electric fields during solar maximum
(stronger interplanetary electric fields that are mapped into the high-latitude ionosphere), the
effect can imply that electric field is not the major factor affecting occurrence of the polar cap F-
region echoes. One can conclude that, although enhanced electric field is needed to produce F-

region irregularities, other factors are more important for detection of F-region echoes.
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Previous publications are inconclusive whether a strong electric field is required to detect
F-region echoes. Milan et al. (1999), Danskin et al. (2002) and Danskin (2003) presented several
examples of HF echo observations from an area where the electric field was monitored by the
EISCAT incoherent scatter radar (direct propagation mode, ranges ~900 km). It was found that
the F-region echoes can occur at electric fields as low as several mV/m though the electric field
typically was stronger than 5 mV/m. The presence of very strong electric fields did not guarantee
that HF echoes were detected. Furthermore, when the echoes were observed, their power was not
necessarily enhanced. This conclusion is in line with findings of Fukumoto et al. (1999, 2000),
who showed that there is only a slight correlation of the F-region echo power with the HF
Doppler velocity (which in turn is proportional to the E X B drift).

The reported PolarDARN data trends and comparisons with ionosonde electron density
data point at stronger importance of the propagation factors and electron density for the polar cap
echo detection. The electron density affects HF echo detection in several ways. The one, that is
very difficult to investigate, is the attenuation of HF radio waves in the D region. D-region
electron density is sensitive to the sunlight so that fewer echoes are expected during daytime.
However, under sunlight, there is (simultaneously with the D-region creation) an increase in the
F-region density which produces stronger refraction and improves chances to get echoes. One
would generally expect stronger D-region absorption summer time, and not surprisingly, echo
detection rates are lowest summer time, Figs. 4.4, 4.6 and 5.2, although there is another
important effect, smoothing out density gradients, which will be discussed later. Another way of
arguing for the D-region attenuation as a factor is the fact that winter echo occurrence rates are
highest for the PolarDARN radar FoVs being in the dark ionosphere.

If D-region attenuation is indeed important factor for HF echo detection, the number of
PolarDARN echoes would decrease with the approach to the solar cycle maximum, and one
might not see such a contrast between the PolarDARN and SuperDARN echo occurrence rates.
On the other hand, more frequent structured precipitations typical for solar maximum periods
might provide additional irregularity production and the effect of additional attenuation would be
compensated.

During winter (December), the RKN radar FoV at short ranges of < 500 km emerges out
of the darkness near local noon and is sunlit while the FoV at far ranges is still in darkness.

Sunlight might produce additional D-region radio wave attenuation while the irregularity
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production is not affected by the sun for this period and this can explain, at least partially, the
RKN echo occurrence depression for near noon winter observations, Fig. 4.7.

Another way the electron density affects the detection of HF echoes is directly, because
the electron density in the scattering volume enters the equation for HF echo power directly as a
density squared term, Section 2.3, (Uspensky et al., 1994; Ponomarenko et al., 2009). Milan et
al. (1999) and Danskin et al. (2002) estimated that an electron density of ~2 x 10°> cm™2 is
needed for the optimum F-region echo reception for the Hankasalmi radar (located at magnetic
latitude of A=67°). For the Canadian radars, optimal densities should be somewhat (but not
much) larger since the aspect angle conditions here are worse than in the European sector and
stronger radar wave bending is needed here to achieve orthogonality with the Earth’s magnetic
flux lines. Comparison of contours for the echo occurrence and density in Fig. 5.6a gives an
estimate for the threshold density of ~2.5 x 10° cm™3, which is consistent with expectations.
This value characterizes a cumulative effect of both propagation and production factors.

While working with the RKN data, we discovered another feature in echo occurrence that
can be linked to the electron density effect. In attempt to find a RKN beam with “preferential”
echo occurrence, we realized that while over 24-hour periods, the echoes were more frequent in
the central beams, during dusk and dawn, the echoes were clearly more frequent in beams (4,5)
and (10,11), respectively. The effect is illustrated in Fig. 5.8 where observations in September
2010 were considered.

The line plot indicates a shift of the best echo detection direction towards the sunlit
(noon) ionosphere with enhanced electron density. The shift in the “preferential” beam toward
sunlit ionosphere was strongest during equinoxes and did not happen in the noon and midnight
sectors where there is no (statistically speaking) preferential beam orientation with enhanced
electron density. It is interesting that for the McMurdo (MCM) radar in the southern hemisphere
(June 2010) the echo occurrence rate is significantly increased (decreased) whenever the radar
FoV is coming out (into) of darkness (the MCM data are not presented here, but the effect can be

recognized in data presented by Bristow et al. (2011), their Fig. 6b).
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Figure 5.8: RKN echo occurrence rates at magnetic latitudes of 80°-85° for various pairs of
beams. Observations in September 2010 were considered. The position of beams with best echo
occurrence rates is shown in the schematic cartoon on the left.

Reasonable correlation of the electron density and echo occurrence over a day for winter
and equinox (Fig. 5.7a) signifies the importance of the electron density, either through providing
refraction or through direct impact. In this respect, it is interesting that the amount of refraction is
sufficient during most of a day during summer, and the echo detection is expected to be
controlled by irregularity production factors (enhanced electric field) and D-region attenuation. It
is not a surprise that although the electron density increases by a factor of 1.5-2 from winter to
summer (Fig. 5.7a), the occurrence rates changes by a factor of 3. This implies that other factors
also contribute.

The electron density distribution in the ionosphere can affect the echo detection not only
through propagation conditions but also through altering the conditions for the excitation of
plasma irregularities. This is because the GDI in plasma (Tsunoda, 1988) requires the presence
of background plasma density gradient perpendicular to the Earth’s magnetic field.
Unfortunately, plasma density gradients, especially of scales smaller than ~1-10 km, are very
difficult to measure and such measurements were not available for our observations. For this
reason, we limit ourselves here by commenting on the potential role of sun’s radiation that
smooth out the gradients. Ruohoniemi and Greenwald (1997) argued that this is the most likely

reason for significantly decreased echo detection during summer months. This argument is
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equally applicable to our case and can explain our data presented in Figs. 4.4, 4.6 and 5.2. It is
interesting that in June the echo occurrence maximizes in the pre-noon sector, at ~10-12 MLT,
Fig. 5.2, while there is almost no darkness over the RKN FoV. Thus, the summer echo
occurrence maximum cannot be linked to the sun-illumination effect but rather to other factors
important for the pre-noon sector. We believe this factor is enhanced electric field as discussed
earlier.

Away from summer time, April or August, the RKN FoV is getting less and less sun
illumination, and the number of echoes increases, as compared to summer periods. This feature
is perhaps another evidence of the harmful effect of the solar radiation on irregularity production
(the absolute values of the electron density are sufficient for proper refraction during these
periods, as densities do not decrease significantly during equinox as compared to summer time,
Fig. 5.7a. Near equinox (March) the RKN radar detects most of dawn and dusk echoes as
compared to other seasons. This happens, very likely, not only because of absence of the sunlight
but also because the electron density magnitudes are still reasonably high, Fig. 5.7a. The
situation changes in winter when the densities are strong enough only during near noon time and
not many echoes are seen away from the noon. It seems that decrease in the solar radiation
smoothing effect in combination with the relatively strong electron densities during equinox are

the factors providing equinoctial maxima in echo detection.

5.4 Conclusions

By comparing CADI ionosonde data and RKN echo occurrence rates over Resolute Bay
in 2008-2010, we showed that:

1) Winter-noon maximum of echo occurrence correlates well with the enhanced electron
density as inferred from ionosonde data. The RB CADI shows a minor electric field

depression for near noon winter hours.

2) Summer-noon maximum of echo occurrence correlates with enhanced electric fields as
seen by the RB CADI. Electron densities stay reasonably high all the time as inferred

from ionosonde data.
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3)

4)

5)

During dusk-midnight-dawn hours of the equinoxes, the electron density is reasonably
high and electric fields are strong so that both factors contribute to the increased echo
detection. During equinoxes, the electron density stays enhanced for many hours away
from the magnetic noon. The echoes are observed at later MLT hours and for longer
hours away from the noon in the dusk sector as compared to the dawn sector.

The electron density for the periods of the RKN echo detection stays above
2.5 x 105 cm™3, in agreement with the electron density threshold for HF echo detection
reported by Milan et al. (1997) and Danskin et al. (2002).

There is no obvious electric field threshold effect for F-region echo occurrence over RB.
The near-noon echo occurrence during summer correlates with enhanced electric fields

but, generally, echoes were detected for electric field >10 mVv/m.
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CHAPTER 6

SUMMARY AND PLANS FOR FUTURE RESEARCH

In this thesis we assessed the solar cycle, seasonal and diurnal (MLT) variations in
occurrence of F-region HF echoes observed by several northern hemisphere SuperDARN HF
radars. We considered two auroral zone radars, SAS and PGR, and two polar cap radars, RKN

and INV. Our major findings can be summarized as follows.

6.1 Occurrence rates

6.1.1 Solar cycle effect

In terms of the solar cycle effect, we confirmed previous results and found several new
features. We demonstrated that the auroral zone radars, such as the PGR and SAS radars, showed
consistently similar tendencies. This is not a surprise as the radars’ observational conditions are
similar. Data for the PolarDARN radars are not available to study the solar cycle variations. This
needs to be done in future.

For SAS observations on the nightside, we confirmed that the occurrence of F-region
echoes correlates strongly with the solar cycle with the occurrence rates being strongest during
years of maximum of solar activity and smallest during years of minimum of solar activity. The
differences in occurrence rates are as large as a factor of 10. The solar cycle effect is less
pronounced for summer. It is important to note that the majority of nighttime SAS echoes were
very likely received through the direct (half-hop) propagation mode.

For SAS observations on the dayside, no solar cycle effect was found for all seasons but
winter. For winter observations, the surprising and new finding is that there is limited in time
(the years 2003-2005) decrease of echo occurrence on the declining phase of the solar cycle. As
discussed, the effect could be related to the fact that ionosphere was not dense enough during
these years, the phenomenon, to the best of our knowledge, that has not been reported. It is
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important to note that the majority of daytime SAS (and PGR) echoes were very likely received

through 1%2-hop propagation mode.

6.1.2 Seasonal variation

Both the auroral zone radars considered showed seasonal variations in echo occurrence.
Averaged over 24 hours occurrence rates are largest during equinoxes. The effect, however,
depends on the magnetic local time of observations. The equinoctial maxima are well seen for
the midnight echoes, weaker for the dusk/dawn sector and there are none for the dayside, near
noon sector. The equinoctial maxima seen by the auroral zone SAS and PGR radars seem to be
less pronounced as compared to the equinoctial maxima for the PolarDARN radars. Previously
the equinoctial maxima in F-region echo occurrence were reported for observations in the auroral
zone so that our study finds the presence of the effect at polar cap latitudes.

By considering data from the PolarDARN radars we showed that overall these radars see
~2 times more echoes than the auroral zone radars if one considers echo occurrence at ranges of
best echo detection for each radar separately. This difference is less significant during summer
time. If one considers echo detection at the same higher latitudes, we specifically looked at
ranges 80°-85°, then the differences are larger.

One surprising discovery is that during winter near noon hours, the RKN radar can detect
fewer echoes in the polar cap than the SAS radar despite the fact that the SAS radar detects
echoes through 1%2-hop propagation mode while the RKN radar detects them directly through %-

hop propagation mode.

6.1.3 Diurnal variation

The patterns of echo occurrence for the SAS and PGR radars in the season - MLT plane
are similar: winter time echoes occur mostly during near noon hours. During equinoxes, more
and more echoes are seen in the dusk and dawn sectors (this leads to more echoes during
equinoxes). Summer time echoes are more frequent at nighttime. One clear difference of the
PolarDARN radars is that they show additional maximum of echo occurrence during summer

near noon hours.
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6.2 Electric field and electron density in the ionosphere as factors affecting echo occurrence

Our comparison of the F-region maximum electron density (inferred from CADI critical
frequencies of the layer) with RKN echo occurrence rates over Resolute Bay showed that more
echoes occur for enhanced electron density: there is a correlation in changes of occurrence and
electron density changes a) over a day and b) over a season. Such correlation was demonstrated
for 3 years of radar-ionosonde joint operation. Our finding is in line with previously published
results for the auroral zone radars where data statistics was not as good as in our case. We found
that the echoes seem to occur forn, > 2.5 x 10° cm™3.

Our comparison of RKN data and CADI ionosonde electric field measurements over
Resolute Bay showed that periods of enhanced echo occurrence correlate with periods of
enhanced electric field. This effect is of particular importance for the summer observations when
the amount of radio wave absorption is significant and enhanced fluctuation amplitude of
ionospheric irregularities (due to enhanced electric field) can provide a possibility to detect
echoes.

6.3 Suggestions for future research
The work undertaken can be expanded in several directions:

1) The level of HF radio wave attenuation due to D-region collisional absorption is one
of the crucial factors in getting signal returned from the ionosphere (e.g., Danskin et al., 2002).
This is especially true during periods of strong energetic particle precipitations. This issue has
not been addressed in this thesis. One can estimate the HF radio wave attenuation by
investigating riometer data at frequencies of > 30 MHz. In the Canadian sector, the convenient
arrangement would be Rankin Inlet and Taloyak (TALO) riometers for the Rankin Inlet radar.
For the Saskatoon radar some data from Rabbit Lake can be considered. However, these data are
largely raw records. For estimates of the absorption, they require de-spiking, base line
computations and mass processing. Technically this is a feasible project. However, even if the
data are processed, there would be additional concerns because the riometer location is not
optimal; they are not underneath of the radar rays entry point into the D region. For the RKN
radar the ranges are either 0 km (RKN) or 900 km (TALO) while for the SAS radar they are
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~700 km. More convenient configuration would be Hankasalmi radar and Oulu-Rovaniemi

riometers, Finland. The radar-riometers distances are ~450 and 600 km, respectively.

2) Recently, the McMurdo radar started operation in Antarctica. The radar is located at
high geomagnetic latitude of A = -80°, so that it can easily detect echoes over the magnetic Pole.
The radar indeed detects numerous echoes over the Pole. This implies that the F region at these
large magnetic latitudes is filled with irregularities and the RKN radar simply cannot detect them
because of propagation conditions. It is interesting that the RKN and MCM radar have
“conjugate”, partially overlapping FoVs (MCM monitors higher MLATS). Thus, conjugacy in
echo occurrence for short-range MCM and far range RKN echoes can be investigated. One of
possible reasons for yet to be discovered differences is the fact that the solar terminator line

passes differently the FoVs of these radars.

3) The thesis gives an impression that electric field is a minor factor in echo detection; as
long as one has some electric field of several mV/m, the echo can be detected. Since
SuperDARN convection maps are available for many years, it would be interesting to find out
trends in the electric field magnitude changes vs. solar cycle at various latitudes and whether this
has some correlation with echo occurrence. The obtained in this thesis results imply that the
amplitude of F-region echoes should not depend strongly on the E x B drift magnitude contrary
to the case of E-region decameter irregularities (e.g., Markarevitch et al., 2001; Makarevitch,
2003). It would be interesting to plot power of HF echoes vs. E X B. Since RB ionosonde data
are limited, one can consider RNK and INV joint data. Preliminary analysis supports the notion
of independence but more extensive analysis is required. On the other hand, previous work
indicated that number of echoes increases whenever the IMF B, becomes negative (Ballatore et
al., 2001). With B, getting more negative, IMF reconnection conditions are getting more
favorable and thus electric fields in the ionosphere are expected to be larger, overall. There is
also some increase in a number of echoes prior to substorms when electric field is somewhat
enhanced (Wild and Gorocott, 2008). One hardly can expect great changes in the propagation
conditions. Why then we do have the effect? Again, one can think that electric fields are
contributing factor. These two facts tell us that one cannot ignore electric fields as a factor
controlling HF echo occurrence. This is in addition to our finding that the RKN summer echo

occurrence correlates well with the electric field magnitudes. It well might be that the effect of
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electric field is better recognizable for nighttime observations in quiet conditions when other
factors are at reasonable and stable levels. It is then highly desirable to isolate such observations
in the entire data base. Work with RISR-C incoherent scatter radar would be very interesting in
this respect, especially in view that its FoV is towards the RKN and INV radars so that chances

to receive common data sets are higher than the current configuration with the RISR-N radar.

4) Seasonal variation with equinoctial maxima seems to be a common feature of
SuperDARN radar occurrence pattern. It occurs mostly because of “addition” of dawn-dusk
echoes to regularly detection of midnight echoes or near noon echoes. One interesting question is
how different is the effect for various radars of the network. The amount of refraction needed
vary from one radar to another. If seasonal variation is simply propagation effect, one would

expect certain differences between various radars of the network.

5) Another interesting question is why some beams have preference in terms of echo
detection. Propagation conditions seem to be the major factor. Extensive computer modeling for
various configurations might give some clues. Upcoming e-POP mission would be extremely

useful to address this issue.

6) One of very unexpected results of this thesis is better (at least comparable) winter echo
detection of the near noon-hour echoes with the auroral zone SAS radar (via 1%-hop propagation
mode) as compared to the polar cap RKN radar (via ¥2-hop propagation mode). It is important to
realize that the SAS ground scatter occurs roughly at latitudes on the RKN radar location so that
radar rays for both systems propagate through the polar cap ionosphere (1/3 portion of SAS ray
paths) along paths with very similar ionospheric conditions. We tried a hypothesis that some
SAS echoes were misidentified ground scattered echoes and did not find support for this
hypothesis. We do not see another way of addressing the issue, but we feel that resolving it
would be an important step towards understanding the reasons for occurrence of coherent HF

echoes.
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