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sporadic E layer heating observed using the EISCAT Svalbard

and SuperDARN radars
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[11 We present the first observations of heater-induced simultaneous topside

and bottomside sporadic £ layer enhancements at very high latitudes (78.15°N) using the
Space Plasma Exploration by Active Radar (SPEAR) heating facility and the European
Incoherent Scatter (EISCAT) Svalbard Radar. During the experiment the SPEAR heating
facility was transmitting with O-mode polarization in a field-aligned direction with a
constant effective radiated power of ~16 MW. Results show distinct heater-induced
enhancements in both the ion and plasma line spectra. The plasma line enhancements are
observed at the SPEAR heater frequency of 4.45 MHz. The plasma line observations
represent the highest spatial resolution data (100 m) obtained of such heater-induced
enhancements and indicate simultaneous enhancements at both the topside and bottomside
of the layer, respectively (located at ~107.5 and 109 km altitude, respectively). It is
postulated that the results represent evidence of O- to Z-mode conversion of the heater
wave occurring at the bottom of the E layer, allowing propagation through the layer
resulting in simultaneous topside enhancements. The Z-mode enhancements are observed
outside the Spitze angle, which is thought to be a result of field-aligned irregularities
causing an increase in angular extent of the observations. Additional data from the Super
Dual Auroral Radar Network (SuperDARN) HF Finland radar are also shown, which
indicate that upon a thinning of the sporadic £ layer, the heater beam propagated into
the F region, where it induced artificial field-aligned irregularities.
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and bottomside sporadic E layer heating observed using the EISCAT Svalbard and SuperDARN radars, J. Geophys. Res., 117,
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1. Introduction

[2] Experiments to artificially modify the Earth’s iono-
sphere by means of high-power HF Radio waves have been
undertaken since the 1970s [e.g., Carlson and Duncan, 1977].
It is widely accepted that the high-power ‘heater’ beam can
excite a range of plasma instabilities, which in turn cause
amplification of electrostatic plasma wave modes.

[3] A heater beam transmitted with an ordinary polarization
(O mode) into the ionosphere will be reflected downward at
the altitude where the heater frequency, f;, equals the electron
plasma frequency, f,. Different instabilities, as a result of the
heater beam interaction with the ionosphere, are then observed
at specific altitudes below this height as enhancements in radar
backscatter. During transmission of an O-mode heater wave
there are two distinguishable types of backscatter observed.
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The first is that of artificially generated field-aligned irregu-
larities (AFAIs). Such irregularities are thought to be gener-
ated through the thermal parametric instability (TPI) whereby
the heater wave couples to upper hybrid waves at the upper
hybrid resonance (UHR) height, which lies a few kilometers
below the O-mode wave reflection height [Robinson, 1989,
and references therein]. The irregularities extend for several
tens of kilometers along the geomagnetic field line and are
thus most easily observable using coherent backscatter radar,
which relies on the beam being orthogonal to the geomagnetic
field. There have been observations made of such irregularities
by the Super Dual Auroral Network (SuperDARN radars)
[Greenwald et al., 1995], which have been generated by sev-
eral ionospheric heating facilities including European Inco-
herent Scatter (EISCAT) [Baddeley et al., 2002], HAARP
[Hughes et al., 2004], and Space Plasma Exploration by
Active Radar (SPEAR) [Robinson et al., 2006]. The AFAIs
are far more intense and coherent than naturally occurring
field-aligned irregularities (FAIs) [Yeoman et al., 2006]
resulting in higher observed backscatter power and lower
observed spectral width.

[4] The second type of heater-induced backscatter is
observable by incoherent scatter radars and can be seen to
extend both parallel to and a few degrees offset from the
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geomagnetic field direction. The scatter results from the
excitation of both low-frequency ion acoustic waves and high-
frequency Langmuir waves at the O-mode reflection height.
Two main interaction mechanisms have been suggested for
these enhancements which are observable by incoherent scat-
ter radar. The first is the Purely Growing mode (PGM) insta-
bility [Fejer and Leer, 1972], also called the modulation
instability [Goldman et al., 1995], and the Oscillating Two
Stream Instability (OTSI) [e.g., Nishikawa, 1968]. In this
interaction the heater wave decays into two oppositely directed
high-frequency Langmuir waves and a low-frequency non-
propagating ion acoustic wave. The second is called the
Parametric Decay Instability (PDI) [e.g., Fejer, 1979] in which
the heater wave decays into two oppositely directed high-
frequency Langmuir waves and ion acoustic waves. Both
interactions are observable as enhancements in both the ion
and plasma line spectra measured by Incoherent Scatter
Radars. Enhancements in both ion and plasma line spectra
have been generated using all the heating facilities noted above
(see review by Leyser and Wong [2009]).

[5] The excitation of the PGM and PDI occurs just below
the O-mode reflection height. In comparison, the generation
of AFAIs through the TPI occurs at a lower altitude, at the
UHR height (which typically lies a few kilometers below the
O-mode reflection height). It has been shown [e.g., Robinson,
2002] that the absorption of the heater beam at the upper
hybrid height, resulting in the generation of AFAIs, will thus
prevent the heater beam reaching the altitude with sufficient
amplitude required for generation of the PGM and PDI. While
this seems to be true for ionospheric heaters located at lower
latitudes, it has been shown [e.g., Robinson et al., 2006] that
this is not always the case at SPEAR, with observations made
of enhancements in both coherent and incoherent scatter
occurring concurrently. The relatively few observations of this
phenomenon to date has meant that a suitable understanding of
the physical processes is still lacking.

[6] In addition to O-mode propagation, other phenomena
can be observed when heating around the so-called Spitze
angle [e.g., Budden, 1980], 6., which is defined as

Y

T+7 M

sin(0,.) = sin(a)
where Y = f,/f;,.

[7] Here, f, is the electron gyrofrequency and « is the
magnetic dip angle. It is possible for an O-mode wave
launched into the ionosphere at this angle, 6., to undergo
mode conversion into a Z-mode wave. The propagation of
this Z-mode will then depend on, both the heater and plasma
frequency.

[s] At SPEAR, the magnetic field dip angle is, oo ~ 8°,
and electron gyro frequency, f, ~1.4 MHz. For the E region
this results in a Spitze angle, . ~3°-4°. The SPEAR beam
is 14° x 21° wide, thus when the beam is pointing in a field-
aligned direction ionospheric heating can occur at the Spitze
angle. If the conditions are also such that the ionospheric
peak plasma density (in this case in the E region, f,F)
satisfies the condition

Ji <fE < fi +%, (2)
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then the Z-mode wave will propagate through to the topside
of the region where a similar interaction will occur with the
heater beam exciting electrostatic plasma wave modes.

[s] Observations of O- to Z-mode conversion at lower
latitudes using the EISCAT UHF and VHF radars in com-
bination with the heater at Tromse (69.58°N, 19.23°E,
magnetic dip angle ~ 13°, §. ~ 5°-6°) have been presented
by three authors [e.g., Isham et al., 1999; Rietveld et al.,
2002; Kosch et al., 2011]. Both Isham et al. [1999] and
Kosch et al. [2011] presented data from experiments where
the heater employed low duty cycles (to minimize the pos-
sible generation of AFAIs) and with the radars operating in
scanning modes. Isham et al. [1999] noted that there
appeared to be evidence of O- to Z-mode conversion occur-
ring in the F region at angles outside the Spitze region,
notably between the Spitze angle and magnetic field pointing
directions (an angular window of ~ 6° width). Kosch et al.
[2011] also observed O- to Z-mode conversion occurring in
the F region, resulting in enhancements in backscatter power
at both the topside and bottomside of the F' region at 220 and
300km altitude.

[10] Rietveld et al. [2002] observed plasma and ion line
spectral enhancements in both the £ and F region ionosphere
using both the EISCAT UHF (931 MHz) and VHF (224 MHz)
radars located at Tromse. They attributed the observed
enhancements to both the PGM and PDI. Observations of
possible O- to Z-mode conversion were observed using the
VHF radar, in a vertical pointing direction at heights of
between 110 and 120 km altitude. They speculated that the
enhancements could be the result of cavitating turbulence.
However, the range resolution of the data (3.75 km) was not
sufficient to make a conclusive deduction.

[11] This paper will present observations of O- to Z-mode
conversion in a sporadic E layer using the EISCAT Svalbard
Radar, the SPEAR ionospheric heater, and the Co-operative
UK Twin Auroral Sounding System (CUTLASS) SuperDARN
radars.

2. Instrumentation

2.1. SPEAR

[12] The Space Plasma Exploration by Active Radar
(SPEAR) [Wright et al., 2000] facility is a high-power
ionospheric heating facility located on the island of Spitz-
bergen, in the Svalbard archipelago, at a geographic location
of 78.15°N (75.43°N geomagnetic; L ~ 15; magnetic dip
angle ~8°). It is colocated with both the EISCAT Svalbard
radar (ESR) and the Kjell Henriksen Auroral Observatory.
The facility consists of 4 x 6 array of rhombically broad-
ened crossed-dipole antennas, with a distributed transmitter
system consisting of 48 x 4 kW transmitters. This config-
uration results in a frequency-dependent beam width of
approximately 14° x 21° with a gain of 21 dB. The facility
has 11 discrete transmission frequencies between 4.45 MHz
and 5.82 MHz with a maximum effective radiated power
(ERP) of ~30 MW. During the experiment described in this
paper, SPEAR was transmitting in an O-mode polarization
in a field-aligned pointing direction.

2.2. EISCAT

[13] The European Incoherent Scatter (EISCAT) Svalbard
Radar (ESR) [Wannberg et al., 1997] is colocated with the
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SPEAR facility. It consists of two radar dishes: a 32 m fully
steerable dish and a 42 m static dish fixed in a field-aligned
position both with a transmitting frequency of ~500 MHz
making them sensitive to plasma waves of scale length
~30 cm. The system is able to detect both natural and arti-
ficially modified ion-acoustic and Langmuir waves. The
resulting ion and plasma line spectra are then analyzed to
obtained plasma parameters such as electron density (Ne),
electron temperature (Te), ion temperature (Ti) and line of
sight ion velocity (Vi).

[14] The data presented in this paper are from both the
32 m and 42 m dish, with the 32 m fixed in a field-aligned
position. The pointing direction of the dishes results in
observations outside the Spitze angle (ESR magnetic dip
angle ~8°, 6. ~ 3°—4°). Ion line data were collected on both
dishes, with plasma line data collected on the 32 m dish.

[15] The ion line data were obtained on a single channel
with a transmitter frequency of 499.85 MHz. The height-
discriminated ion line data were obtained over an altitude
range of 43-507 km with a variable resolution of 2.2—
4.5 km. The resolutions are a result of oversampling the
30 us baud length of the 30 bit alternating code [Lehtinen
and Hdggstrom, 1987] with a factor of 2. The plasma line
spectra were also obtained on a single channel from the same
pulse with a transmitter frequency of 499.85 MHz. The data
were collected using a 1.67 MHz wide frequency band offset
from the transmitter frequency. The offset frequency was
initially set to = 4.0 MHz before changing to £+ 4.8 MHz for
the (+) upshifted and (-) downshifted plasma lines. The
resulting height-discriminated plasma line data were taken
over an altitude range 41-311 km with a resolution of
100 m. The temporal resolution of both the ion and plasma
line data was 6.0 s.

[16] Unfortunately there are no data available from the
EISCAT Svalbard Dynasonde during the experiment.
However, dynasonde data from 09:24:00 UT (shortly before
the experiment began) are available, which indicated the
presence of an E layer with f,E = 4.776 MHz.

2.3. SuperDARN

[17] The Hankasalmi radar is an HF coherent back-
scatter radar system located in Finland and forms part of the
SuperDARN array. It is ideally situated for making obser-
vations of the heated volume over Svalbard [e.g., Robinson
et al., 2006]. The radar was operating in the HF band
between 9.9 MHz and 9.985 MHz and was employing a dual
scan mode: channel A with a 16 beam scan, with each beam
separated by 3.24°, resulting in a total azimuthal scan of 52°
while channel B employed a single beam (beam 9 out of the
16 available beams) scan. Beam 9 overlies the SPEAR and
ESR location. The beam was gated into 75 range bins of
45 km in length, with a distance to the first range gate of
180 km, resulting in range gates 4045 typically overlying the
SPEAR location (78.15°N), depending on propagation con-
ditions [Yeoman et al., 2008a, and references therein]. The
radar was operating in a high temporal mode sounding on a
single frequency of 9.9 MHz, with a dwell (integration) time
of 3 s. Data will be presented from channel B in this paper.

[18] The radars use coherent backscatter to measure con-
vection flows in the ionosphere. Backscatter of the radar
radio waves with wave vector k, occurs from ionospheric
field-aligned irregularities (FAI) with wave vector k, only
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when the Bragg condition £ = £ 2k, is satisfied. As men-
tioned earlier, the SPEAR facility can generate artificial FAIs
(AFAIs), where the heater beam couples to upper hybrid
waves at the upper hybrid resonance height. These then act as
targets for the CUTLASS radars. The detection of AFAIs by
HF radar then provides a signature of the TPI occurring.

3. Observations

[19] On 5 July 2010, from 10:00 to 13:00 UT, SPEAR was
operating at a heater frequency, f, = 4.45MHz, O-mode
polarization with a 5 min on, 5 min off periodicity. The
beam was pointing field aligned (184.5°az., 81.6°¢l.) with an
ERP ~16MW. The beam width is 14° by 21° wide, allowing
part of the heater beam to provide interactions at the Spitze
angle (~3°—4° at SPEAR). The EISCAT data presented here
are taken using the IPY experimental code which uses both
the 42 and 32 m dishes, pointing in a field-aligned direction
(~4°-5° outside the Spitze angle), allowing simultancous
ion and plasma line data to be taken. The radar was running
from 10:27-10:47 UT. Conditions were geomagnetically
quiet with a Kp index = 1.

[20] Figure la indicates a range-time-intensity plot from
beam 9 of the CUTLASS Finland radar over magnetic lati-
tude 70°N-80°N (range gates 25-51). The data are color
coded according to the intensity of backscatter power in dB.
Figure 1b indicates the ionospheric electron density (Ne), as
measured by both ESR dishes, from 10:28-10:47 UT over
an altitude range of 70-200 km, with the corresponding
density scale shown to the right of the plot. Figure 1c shows
the spectral power of the central ion line spectral peak at
specific altitudes as measured by the ESR 42 m dish (color-
coded according to the box shown at the left-hand side in
the plot). SPEAR-on periods (10:30-10:35 and 10:40-
10:45 UT) are marked at the top of Figure 1 by a red bar.

[21] The naturally occurring sporadic E layer is clearly
seen in Figure 1b as enhancements in Ne between 95 and
110 km. A patch of backscatter occurring at the SPEAR
latitude is also observed by beam 9 of the CUTLASS Fin-
land radar between 10:35 and 10:45 UT as shown in
Figure 1a which could be a signature of the same layer. The
fact that it is only observed for this 10 min period could be
due to the changing ionospheric conditions which would in
turn affect that radar beam propagation path. The CUTLASS
data are discussed in more detail in section 4.3 of this paper.

[22] The E layer, as observed by the ESR, persists
throughout most of the interval, disappearing slightly
between 10:31-10:34 UT. What is also evident in Figure 1b
are the large enhancements observed in Ne which coincide
with SPEAR-on periods, most prominently from 10:40-
10:45 UT. These apparent SPEAR-induced enhancements in
Ne are ‘false’ and are merely artifacts of the fitting routine
applied to the SPEAR enhanced spectra. This is demon-
strated in Figures 2 and Ic. Figure 2 shows the normalized
average ion line spectra from 10:39:30-10:40:00 UT
(SPEAR-off period) and 10:40:00-10:40:30 UT (SPEAR-on
period) at 108 km altitude. The spectrum during the off
period (shown red) is typical of that in the £ region, con-
sisting of a single central broad peak. There is a clear
enhancement which dominates at the frequency of the cen-
tral peak during the SPEAR-on period (shown in green in
Figure 2). Additional ESR measurements of the electron
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Figure 1. Data from the heating experiment on 5 July 2010, 10:27-10:47 UT, where the SPEAR periods
(10:30-10:35 UT and 10:40-10:45 UT) are marked by solid red bars at the top. (a) Range-time-intensity plot
of backscatter power from beam 9 of the Co-operative UK Twin Auroral Sounding System (CUTLASS)
Finland radar. Both magnetic latitude and range gate are shown on the y axis. The data are color coded accord-
ing to the scale to the right of the plot. (b) lonospheric electron density as measured by the EISCAT Svalbard
Radar (ESR) 42 m dish. The data extend from 80 to 200 km in altitude and are color coded according to the
scale to the right of the plot. (c) Amplitude of the ion line spectra central peak as measured by the ESR 42 m

dish as a function of altitude.

temperatures at the same altitude (not shown) indicate
apparent temperature decreases, which also indicate the
spectra have been artificially modified. The analysis soft-
ware cannot accurately fit to the modified spectra due to the
fact that is either too narrow, or more likely, that the central
peak is too large, both of which apply to the SPEAR
enhanced spectra. Figure 1c shows the temporal variation of
this central ion line peak throughout the experiment. There
are clear enhancements in the spectral power of the central
ion line, which correspond to the SPEAR-on times of 10:30—
10:35UT and 10:40-10:45 UT. The enhancements also
dominate at different altitudes, increasing from 104-109 km
at the start of the interval to 109—113 km at 10:43 UT. The
altitude of the observations place the enhancements clearly
in the collisional £ region. These enhancements of the cen-
tral ion line peak have been interpreted in the past as an
indication of the heater beam driving the PGM instability,
producing low-frequency ion acoustic waves. In the event
described here, the increased collisional damping effects

present in the E region means that the shoulder peaks in the
ion line spectra (associated with a PDI interaction) and the
central ion line peak (associated with the PGM) have merged
into a single peak located at a zero frequency offset from the
radar transmission frequency. This makes identification of a
specific generation mechanism purely based on the ion line
data impossible.

[23] As has been seen previously at SPEAR, the ion line
enhancements continue throughout the heater on period,
which is in contrast to that usually seen at lower latitudes,
where the spectral enhancements are often quenched owing
to mode conversion of the heater wave into upper hybrid
waves after a few seconds, producing the so-called ion line
overshoot effect [Robinson, 1989]. These results in them-
selves are still to be explained fully though one possibility is
a combination of the narrow field of view of the ESR beam
and increased temporal variability in the high-latitude iono-
sphere, through such phenomena as polar cap patches. As
discussed by Robinson et al. [2006], these factors could
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Figure 2. Ion line spectra as measured by the ESR, averaged over a 30 s period during a SPEAR-off
period (10:39:30-10:40:00 UT) and a SPEAR-on period (10:40:00-10:40:30 UT) showing the SPEAR-

induced spectral enhancements.

introduce a higher variability in the strength of the heater
beam within the interaction region. The plasma line spectra
will be the focus of this paper, however it is prudent to show
the analyzed Ne data to show the extent of the naturally
occurring £ region and also that the region remains when
SPEAR is switched off.

[24] Plasma line spectra were taken using the ESR 32 m
dish in a field-aligned pointing direction. Figure 3 shows
height-integrated plasma line spectral power as a function of
frequency and time for the E region (Figures 3a and 3b)
and F region (Figures 3¢ and 3d) ionosphere from 10:28 to
10:47 UT. Figures 3a and 3c show the upshifted plasma line
power, and Figures 3b and 3d show the downshifted plasma
line power. The data have a resolution of 16.6 kHz. The
E region profile is integrated over an altitude range of 41—
181 km, while the F region profile is integrated over an
altitude range of 171-311 km. It should be noted that the
E region and F region spectral power scales are different,
owing to the fact that the power observed in the E region was
2 orders of magnitude higher than that observed in the
F region. SPEAR-on periods (10:30-10:35 UT and 10:40-
10:45 UT) are marked at the top of Figure 3 by a red bar.
What is immediately evident is that the £ region plasma line
spectra are dominated by enhancements at the SPEAR heater
frequency, f, = 4.45 MHz, and that no such enhancements
are observed in the F region spectra. Additionally, the
E region enhancements are only observed during the
SPEAR-on periods (10:30-10:35 UT, 10:40-10:45 UT).
The results are clear signatures of the heater beam interact-
ing with the ionospheric plasma and generating Langmuir
waves in the £ region. There is a clear dominance in spectral
power in the upshifted plasma line, indicating a preferential
enhancement of Langmuir waves propagating toward the

radar. There is also a high degree of variability in the spec-
tral power at 4.45MHz throughout the SPEAR-on periods,
as was also seen in the ion line data, particularly from 10:40—
10:45 UT. Throughout the period, the SPEAR heater power
remained approximately constant at 16 MW (ERP) thus
suggesting the variability was due to ionospheric conditions.
This variability is also temporally symmetric between the up
and downshifted lines, despite the difference in overall
power. The data from the F region (Figures 3c and 3d)
indicate the natural plasma frequency (f,F2) remains at
approximately 4.7 MHz throughout the interval. The mag-
nitude of the spectral power enhancements at 4.7 MHz in the
F region do increase during the second SPEAR-on period
(10:40-10:45 UT) but there is no temporal correlation to
the E region enhancements at 4.45 MHz. In addition the
F region enhancements at 4.7 MHz continue during the
SPEAR-off period (10:45-10:50 UT). The data indicate that
there is no evidence of any spectral enhancements corre-
sponding to SPEAR heating effects in the F region plasma
line spectra. This is consistent with the fact that the
enhancements are observed in the E region spectra, resulting
in the absorption of the heater beam at this lower altitude.
The F region plasma lines suddenly become stronger at
10:34 UT, which correlated with the onset of the sporadic
E region (the large spectral power initially observed at
~10:34:00-10:34:06 UT corresponds to a data gap, which is
also observed in Figure 1). It is possible that there may be a
simultaneous increase of suprathermal electron fluxes which
will act to enhance the natural plasma lines in the F' region.
Again, there is a large variability in the observed F region
spectral power, with larger power in the upshifted plasma
line data. Previous observations of SPEAR enhanced height
integrated plasma line data covering the altitude range 90—
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Figure 3. Height-integrated plasma line data at a 6 s, 16.6 kHz resolution, as measured by the ESR 32 m
dish. (a, b) Upshifted and downshifted £ region data integrated over a height range of 41-181 km. (c, d)
Upshifted and downshifted F region data integrated over a height range of 171-311 km. Spectral enhance-
ments are clearly observed in the £ region data at the SPEAR frequency, f;, = 4.45 MHz, during the

SPEAR-on periods (10:30-10:35 UT and 10:40—10:45 UT) marked by red bars at the top of the plot.

315 km [Dhillon et al., 2007] have also shown large vari-
ability in the spectral power during the SPEAR-on periods.
The data presented in their paper did not display any sig-
nificant difference in spectral power magnitude between the
upshifted and downshifted plasma lines, as is shown here.
Observations made at lower latitudes, using the EISCAT
Tromse facilities in northern Norway, by Rietveld et al.
[2002] however, do indicate difference in spectral power
magnitude between the upshifted and downshifted plasma
lines as measured in the £ region between 110-140 km
altitude.

[25] The E region spectral enhancements at the heater
frequency, f, = 4.45 MHz were investigated further. The
data were height separated to a spatial resolution of 100 m
which represents the highest spatial resolution heater
enhanced plasma line data published to date. The results
from this are shown for both the upshifted (Figure 4a) and
downshifted (Figure 4b) plasma line. The data are plotted
from 10:38-10:47 UT to focus on the spectral enhancements
during the second SPEAR-on period from 10:40-10:45 UT.

Figures 4a and 4b are on different spectral power scales
owing to the fact that upshifted plasma line enhancements
are larger than the downshifted enhancements.

[26] The plasma line enhancements are observed to occur
initially at the bottomside of the E region at 107.5 km alti-
tude before the two distinct interaction regions form at
10:43:00 UT which last for 48 s. These regions occur at
107.5 km and 109 km, each with an approximate spatial
extent of ~300 m and correspond to the bottomside and
topside of the sporadic E layer. This is suggestive of a con-
version of the O-mode heater wave into a Z-mode wave at
the bottom of the £ region. The enhancements observed at
the bottomside of the layer at 107.5 km are typical signatures
of O-mode-induced Langmuir turbulence. At 10:43:00 UT
the conditions outlined in equation (2) are satisfied, resulting
in the propagation of the Z-mode wave to the topside of the
E region where it undergoes mode conversion into Langmuir
waves.

[27] As mentioned earlier, there were no dynasonde data
available during this period. However, at 09:24 UT data
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Figure 4. Altitude-separated 4.45 MHz plasma line data at a 6 s and 100 m resolution for the (a) upshifted
spectral components and (b) downshifted spectral components from 10:38-10:47 UT. The altitude range
covers the bottomside and topside of the sporadic £ layer, from 105 to 115 km. The SPEAR-induced
enhancements can clearly be seen, initially at 107.5 km, with a second region appearing at 10:43:00 UT
at ~109 km. The enhancements disappear from 10:43:48 to 10:44:24 UT before reappearing in a single

layer at 113 km.

from the EISCAT dynasonde, which is colocated with
SPEAR, were available. They indicated the presence of an
E layer with f,E = 4.776 MHz. Incorporating this, into
equation (2), along with the parameters defined earlier in the
paper for the SPEAR (f, ~1.4 MHz, f;, = 4.45 MHz) indicate
that the condition for Z-mode propagation was satisfied,
(4.45 MHz < 4.776 MHz < 5.183 MHz).

[28] Between 10:43:48 UT and 10:44:24 UT no plasma or
ion line spectral enhancements are observed in the £ region.
At 10:44:24 UT the plasma enhancements reappear at a
higher altitude of 113.5 km, as shown in Figure 4. The cor-
responding enhancements in the central ion line also reap-
pear, as is seen in Figure lc. There is a large degree of
variability in the spectral power of both the plasma line
components even at this high spatial resolution with the
spectral power doubling between adjacent range gates on
several occasions. Additionally the bottomside interaction
region varies in altitude by between 200 and 300 m over 1 to
2 data dumps (612 s).

[20] Although the initial topside enhancements are observed
at 109.2 km, they descend to 108.3 km over the 48 s period ata
rate of 18.75 m s~ '. This descent in the interaction region
would indicate a lowering of the Z-mode reflection height, or a
decrease in the plasma density at those heights. Since the
heater frequency and electron gyrofrequency do not change
throughout this period (at least not significantly enough over
this time period or altitude range) then this would suggest a
decrease in the plasma density is the most likely cause. There
is a small decrease also in the bottomside enhancements
during this time which, when coupled with the fact that

the enhancements disappear completely from 10:43:48—
10:44:24 UT, would also suggest that there is a general
decrease in the plasma density across the region. Both of
these observations would be consistent with a thinning of the
E region over this time period. What is interesting is that the
Z-mode-wave-induced topside enhancements, most notably
in the downshifted plasma line, appear to have a delay of
approximately 12 s from the O-mode-induced enhancements
observed at the bottomside. This could be due to the previ-
ously discussed ionospheric variability introducing different
onset and stop times at the topside and bottomside of the
E region. It is possible that a decrease of f,E with time
would result in the required conditions, as outlined in
equation (2), being met at 10:43:00 UT but at 10:43:40 UT,
foE < 445 MHz. This would then explain the 12 s delay
between the onset times observed between the two regions.
It is uncertain however, how the topside enhancements can
continue after the bottomside enhancements have ceased,
from 10:43:36-10:43:48 UT. An introduced propagation
delay of the heater beam between the two regions can be
ruled out given the fact that they are only separated by ~
800 m. Although the Z-mode wave is quasi-electrostatic, this
would still only introduce a maximum delay (assuming
electrostatic propagation, with Te = 360 K) of ~ 10 ms.
Similar propagation delays of several ms have also been
observed in previous observations of Z-mode waves [James,
1991].

[30] The enhancements in the downshifted plasma line are
of similar magnitude at both the topside and bottomside of
the E region, whereas in the upshifted plasma line, the
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enhancements are smaller at the topside of the £ region. This
is in contrast to the observations made by Rietveld et al.
[2002] where they observed stronger topside enhance-
ments. It should be noted that those topside and bottomside
enhancements were identified to be separated by 15 km in
altitude, unlike those presented here which had a separation
of only 700-1600 m. They were unable to draw firm con-
clusions as to the nature of the variability; however, they did
speculate that it was related to disturbances caused by
auroral activity. The results presented in this paper occurred
at 10:00-11:00 UT (12:00-14:00 LT) which means that any
auroral activity cannot be optically identified. During this
period, Kp = 1 and an examination of ground magnetometer
data from several stations from the IMAGE magnetometer
chain, located on and around Svalbard, (NYA, LYR, HOR,
HOP and BJN) indicated no large local magnetic field var-
iability. This also suggests that there was no significant
auroral activity during this time.

[31] At 10:44:24 UT, when the enhancements reappear at
113.5 km the magnitude of the downshifted plasma line
enhancements are dominant, in comparison to all previous
intervals.

[32] This change in the interaction altitude is also evident
in the ion line data shown in Figure 1b, with the interaction
region increasing in altitude to 113 km toward the end of the
interval. The ion line data however have a much lower range
resolution (~ 4 km) so although it can indicate an increase of
a few km in the altitude interaction, as occurs at 10:44:24 UT,
the two distinct interaction regions in the £ region observed
from 10:43:00-10:43:48 UT in the plasma line data cannot
be distinguished.

[33] These results represent not only the highest spatial
resolution plasma line observations obtained during a heat-
ing experiment, but also the first evidence of O- to Z-mode
conversion using the SPEAR facility.

4. Discussion

[34] Two aspects of the data presented in section 3 require
further discussion and explanation: (1) the generation
mechanism for the observed enhancements and (2) the fact
that the topside enhancements were observed at an angle
outside the Spitze angle. In addition, the CUTLASS Finland
radar data will be discussed in more detail.

4.1.

[35] Several theories exist as to the exact nature of
observed ion and plasma line enhancements in the £ region.
Observations of SPEAR-induced ion and plasma line
enhancements in both £ and sporadic E have been observed
previously by Dhillon et al. [2009]. In their paper they
attribute the former to interactions via both the PDI and
PGM. In the case of the sporadic F layer, their results proved
inconclusive as to an exact generation mechanism. Although
plasma line data were presented, only the integrated data
were available, which were averaged over a height range of
90-315 km.

[36] Eliasson [2008] presented a numerical two-scale
simulation in F region plasma which showed that Z-mode
waves which propagate to the topside of the layer would
then form Langmuir cavitons which would in turn account
for the enhanced plasma line observations. However, since

Possible Generation Mechanisms
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the simulation was carried out for F' region plasma the scale
lengths used in the model were far larger than those for a
sporadic E layer.

[37] Rietveld et al. [2002] also showed results of heating
of sporadic £ region. They also saw significant enhance-
ments from both the PDI and PGM. Their results suggest
that HF pump induced Langmuir turbulence is occurring in
the £ region in a similar manner to that in the F region.
However, they estimated the scale height of the £ region
during the experiment to be between 5 km and 10 km. It is
known that the large electron density gradients present in
sporadic £ layer result in greatly reduced scale heights. It
was shown by Djuth [1984] that the scale height may be
~ 0.2—-1 km or less. Under these conditions the thresholds
for the generation of both the PGM and PDI become too
large, making it difficult for them to be viable options for the
enhancements observed in this paper.

[38] A theory was presented by Djuth and Gonzales
[1988] whereby mode conversion along vertical density
gradients in the sporadic E layer at the interaction height
would result in the formation of cavitons (localized density
depletions filled with Langmuir oscillations) which could be
responsible for the observed enhancements.

[39] The data presented here suggest that caviton related
Langmuir turbulence could play a significant role in
explaining the enhanced ion and plasma line observations. If
this is the case then the plasma line data indicate two distinct
interaction regions at the topside and bottomside of the
sporadic £ layer where such structures exist.

[40] Estimates can be made of the electric field thresholds
for both the PGM and PDI and compared to that of the
SPEAR pump electric field. Assuming no absorption or
swelling, an ERP of 16 MW results in an electric field
strength of 0.29 V. m™! (using equation (2.1) from Robinson
[1989]) at an altitude of 108 km. Calculations using equa-
tions (6) and (14) from Stubbe and Kopka [1980], with Te =
Ti=360 K, Ne=1 x 10" m™ and a collision frequency of
1 x 10* s™!, gives a threshold electric field of 0.45 V m™!
for the PDI and a value of only 10% higher for the PGM.
The higher collision frequency in the E region makes this
threshold value higher than that observed in the F' region.
However, this calculation ignores the effect of the sharp
density gradient, which decreases the resonance region and
increases the threshold of the PGM. Alternatively, using a
scale height of 1 km and equation (1) from Muldrew [1978],
the threshold value for the PGM becomes 0.6 V m™'.
Additionally, the calculated value for the SPEAR electric
field strength does not take into account swelling of the
pump wave near the reflection height which will serve to
increase the electric field such that it may well exceed the
threshold for the PGM. The calculations also do not take into
account such factors as D region absorption. The spectral
resolution of the plasma line data (16.6 kHz) also means that
an exact generation mechanism cannot be discerned. If the
induced enhancements were a result of cascade turbulence
(such as the PDI) distinct cascade lines would be observed in
the plasma line spectra, offset by the ion-acoustic frequency,
from the enhancements at the SPEAR frequency of 4.45 MHz.
The collisional nature of the plasma also means that specific
instability processes which would be identified by enhance-
ments of either the central peak or shoulder peaks of the
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Figure 5. (a) Range-time-intensity plot of backscatter power from beam 9 of the CUTLASS Finland
radar. The data are color coded according to the scale to the right of the plot. (b, ¢) Downshifted and
upshifted plasma line intensity for three altitude ranges (107-108 km, 108—109 km, and 113—114 km)
as measured by the EISCAT Svalbard radar. The additional backscatter patch observed by the Finland
radar (seen at range gate 43 from 10:43:03 to 10:44:03 UT) coincides with a decrease in the magnitude
of the E region plasma enhancements. The 12 and 6 s time differences between the decreases in plasma
line power between the bottomside (107-108 km) and the topside (108—109 km) enhancements can be
seen in the downshifted and upshifted plasma line data, respectively.

spectrum cannot be distinguished. As such it is difficult draw
a conclusion regarding the generation mechanism.

4.2. Angular Extent of the Observations

[41] Two of the three previous studies examining possible
O- to Z-mode conversions have focused on the F region only
[Isham et al., 1999; Kosch et al., 2011]. Both studies used
the EISCAT Tromse heater in a low duty cycle and
employed scanning radar modes with the UHF radar. In both
these cases it was pointed out that the results could not be
explained fully by current theories. In the case of the
observations of Isham et al. [1999], the large angular width
of the observations of the Z-mode enhancements (6°,
between field aligned and the Spitze angle) was difficult to
reconcile with the predicted angular width of < 1° as sug-
gested by Mjolhus [1990]. It was shown, however, by
Mishin et al. [2001] that the presence of small scale FAI
could account for this increased angular range over which
the Z-mode enhanced backscatter was observed. However,
the power profile data presented by Isham et al. [1999]
indicated that such irregularities were not present. Kosch

et al. [2011] used a ray tracing model in conjunction with
data from the UHF Tromse radar and colocated dynasonde
to indicate observations of O- to Z-mode conversion occur-
ring over a 2°-3° angular width. The experiment specifically
used the heater in a low duty cycle (average ERP < 3.5 MW)
to reduce the possibility of AFAI generation which could, in
turn, cause a widening of the angular extension of the
enhancements.

[42] In the case presented in this paper, both the heater
beam and the ESR were static in a field-aligned pointing
direction, which is approximately 4°outside the Spitze angle.
The exact angular width of the observed Z-mode interaction
region thus cannot be discerned. Figure la indicates the
presence of FAIs at the SPEAR latitude (75.43°N geomag-
netic) during the experiment. It is postulated that the data
support the theory of Mishin et al. [2001], whereby the
presence of FAIs (as observed by the CUTLASS Finland
radar) caused a widening of the angular extent of the
observed topside Z-mode enhancements to a location outside
the Spitze angle. This is also consistent with the results of
Isham et al. [1999], who presented strong topside F' region
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Figure 6. Double-layer Chapman models of the varying ionospheric conditions prevalent during the
course of the experiment. (a) Modeled ionospheric profile using additional data from the Tromse and Sval-
bard dynasondes and constrained by CUTLASS Finland radar data. This profile was used in a ray tracing
algorithm to ascertain the propagation paths for the CUTLASS Finland radar data, the results of which are
shown in Figure 7. (b) Ionospheric conditions at Svalbard from 10:40:00 to 10:43:48 UT. (c) Ionospheric
conditions at Svalbard from 10:43:48 to 10:44:24 UT. The model was constrained by power profile data
from the ESR (indicated by the data points). The heater frequency, 4.45 MHz, is marked by a vertical line
in Figures 6b and 6c¢, and the resulting interaction height is marked by a black circle.

enhancements between the Spitze angle and a geomagnetic-
field-aligned position.

[43] Figure 5 indicates a range-time-intensity plot from the
CUTLASS Finland radar (Figure 5a) and the upshifted
(Figure 5b) and the downshifted (Figure 5c) plasma line
ESR data, over the time period 10:38-10:47 UT. The tem-
poral resolution of the CUTLASS and ESR data is 3 and 6 s,
respectively. The plasma line spectral power has been
averaged over 1 km bins centered around the interaction
regions at the topside (108—109 km) and bottomside (107—
108 km) of the E region and at the altitude where they
enhancements reappear at 10:44:24 UT (113-114 km).
While the peak spectral power is observed in the upshifted
plasma line data there is a significant difference in the rela-
tive power between the topside and bottomside enhance-
ments between the upshifted and downshifted plasma line
data. In the upshifted plasma line data, the bottomside
enhancements are more than double the spectral power of
those seen at the topside. However, in the downshifted
plasma line data, the enhancements are of similar magnitude.
This suggests a greater magnitude of Langmuir waves
propagating toward the radar (upshifted plasma line) at the
bottomside ionosphere than at the topside. As discussed
previously, from 10:43:48-10:44:24 UT, no plasma line
enhancements are observed at the SPEAR heater frequency
in the ESR data. This is interpreted as a thinning of the
E layer with the resulting decrease in plasma density
meaning that heater-induced O-mode interactions are no
longer possible, owing to the heater frequency being fixed at
4.45 MHz. As a result, spectral enhancements due to both
O- and Z-mode interactions are quashed. This can be seen
in Figures 5b and 5c as the plasma line enhancements
disappear first in the lower altitude range (107-108 km)
and then at the higher altitude range (108—109 km).

4.3. Artificial Field-Aligned Irregularity Generation

[44] As seen in Figure 5a from 10:43:03 to 10:44:03 UT
an additional patch of backscatter appears in the CUTLASS
Finland radar which is mapped to ~1° latitude north (cor-
responding to range gate 43) from the patch of naturally
occurring FAIs discussed previously. It is postulated that this
additional patch is the result of O-mode conversion to upper
hybrid waves at the upper hybrid height in the F region,
resulting in the generation of AFAIs. The decrease in elec-
tron density of the sporadic £ layer during this time allowed
the heater beam to propagate to a higher altitude where the
plasma density was sufficiently high to allow the generation
of AFAIs. Figures 5b and 5c indicate that the plasma line
enhancements observed at the bottomside of the E region
began to decrease in magnitude at 10:43:00 UT and
10:43:06 UT, which coincides with the appearance of the
additional patch of backscatter. The backscatter power of
the patch extends up to 11 dB. The higher magnitude of the
backscatter power is consistent with previous observations
of such structures [Yeoman et al., 2006]. The SPEAR duty
cycle and ERP (~16 MW) is sufficient to generate AFAIs.
Such structures have been generated by SPEAR previously
in both the F region and upper E/lower F region [e.g.,
Dhillon et al., 2007] and also at a considerably lower ERP
than used in the experiment presented in this paper (~1 MW
[Wright et al., 2009]). Previous observations of SPEAR-
induced AFAIs have shown the structures can span several
range gates resulting in a total spatial extent of ~150 km
[Yeoman et al., 2008Db].

[45] To investigate the ionospheric conditions in more
detail model double Chapman layer ionospheric profiles
were constructed. Figure 6 indicates three profiles, repre-
senting the varying prevalent ionospheric conditions which

10 of 13



A01307

Table 1. Parameters Used in the Model
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Scale Height 1 (km) Peak Frequency 2 (MHz) Peak Height 2 (km) Scale Height 2 (km) Peak Frequency 2 (MHz)

Figure Peak Height 1 (km)
6a 214 100 5.4
6b 214 100 5.0
6¢ 214 100 5.0

110 1
110 1
100 1

2.5
3.0
1.5

occurred during the course of the experiment. Figure 6a
indicates a modeled ionospheric profile derived using
power profile data from the ESR (indicated by the data
points on the plots), in addition to data from both the EIS-
CAT Svalbard and Tromse dynasondes. The ionospheric
peaks in both the F and E regions are shown at 214 km and
110 km altitude. Scale heights of 100 km and 1 km were
used for the F' and E regions, respectively. The additional
parameters used in the model for each profile are shown in
Table 1. The model was further constrained to match the
near-range ground scatter returns observed by the CUTLASS
Finland radar at ranges 180—800 km (not shown), which were
characteristic of radar propagation under strong E region
critical frequency conditions.

[46] The modeled ionospheric profile shown in Figure 6a
allowed a ray tracing of the CUTLASS Finland radar beam
(beam 9) at the transmission frequency (9.9 MHz) used in the
experiment under realistic ionospheric conditions. Figure 7
shows the beams paths for elevation angles from 5° to 35°
separated by 0.25°. The approximate location of SPEAR is
shown by a green line at a ground range of ~1900 km. It
demonstrates that most rays either reflect from the E region
to the ground at ranges of less than 800 km, or penetrate
the ionosphere. However, some rays may propagate the
~1900 km to SPEAR latitudes in the £ and lower F region.
The small number of rays which may achieve this propaga-
tion path is also consistent with the data (shown in Figure 5a)
which indicates very few patches of backscatter existing at
ranges beyond the ground scatter limit at 800 km. Both these
facts provide confidence in the model used. The very long
range half-hop propagation paths which extend to SPEAR
latitudes would be able to achieve the required backscatter
conditions at both £ and lower F region altitudes above
SPEAR. The ray tracing also indicates that the elevation

angles for both £ and F region scatter from such far range
gates are very similar, making it difficult to conclude with
certainty that the observed backscatter (both the natural FAIs
and the AFAISs) are from the E or F region ionosphere above
Svalbard. The fact that the AFAIs appear at higher range
gates, however, could be explained by considering the beam
path needed to achieve orthogonality to the B field in the
lower F rather than the £ region. As mentioned earlier the
SPEAR facility has routinely generated AFAIs which have
an extent of up to four standard size (45 km) range gates.
Such features (F region scatter occurring at higher range
gates to approximately colocated E region scatter) have been
previously observed in SuperDARN backscatter plots using
the HAARP heating facility (B. Bristow, private communi-
cation, 2011). Figures 6b and 6¢ show two suggested iono-
spheric profiles which would represent the ionospheric
conditions that occurred during the SPEAR-on period from
10:40-10:45 UT. Here, the profiles are fitted to the ESR
data. In both Figures 6b and 6c, the SPEAR frequency, f},, is
shown as a vertical line at 4.45 MHz. The resulting interac-
tion altitude is indicated by the black circle. Figure 6b shows
the profile from 10:40:00-10:43:48 UT. During this time
the sporadic £ layer was present such that f,£ > f;, resulting
in the ion and plasma line spectral enhancements observed
by the ESR. Figure 6¢ shows the profile from 10:43:48—
10:44:24 UT when the reduction in plasma density in the
sporadic E layer resulted in f,E < f,. During this time the
heater beam could propagate to the F' region without under-
going absorption and mode conversion in the E region. This
resulted in the generation of AFAIs as observed by the
SuperDARN Finland radar. At 10:44:24 the plasma line
enhancements return, indicating a reappearance of the spo-
radic E region at a lower altitude. The heater beam is thus
once again absorbed in this region, resulting in the plasma

Ray paths for CUTLASS Finland 9.90 MHz

1500

Height above ground

Ground range (km)

3000 0.0

(zHIN) Aousnbal) ewse|d

Figure 7. Ray tracing of the CUTLASS Finland radar beams at the transmission frequency used in the
experiment (9.9 MHz). The beam paths are shown for elevation angles from 5° to 35° separated by
0.25°. The approximate location of SPEAR is shown by a vertical green line at a ground range of
~1900 km. Power profile data from the ESR in addition to data from both the Svalbard and Tromse dyna-
sondes were both input into the model to obtain realistic propagation conditions (the modeled ionospheric
profiles of which are shown and described in Figure 6).

11 of 13



A01307

line enhanced ESR observations and a quenching of the
generation of the AFAIs in the F region, as can be seen in
Figure 5.

5. Conclusions

[47] This paper presented the first results of O- to Z-mode
conversion of a high-power heater beam occurring in a natu-
rally occurring sporadic E layer in the high-latitude ionosphere
(78.15°N). The SPEAR facility was employing a 5 min on/
5 min off CW mode at a frequency of 4.45 MHz, in a field-
aligned pointing direction with an ERP ~16 MW. Enhance-
ments in the plasma and ion line spectra, as measured by the
colocated ESR, were observed. The high-resolution plasma
line data (100 m) indicated two separate enhancement regions,
corresponding to the topside and bottomside of the sporadic
E layer. The critical frequency in the E region in relation to
the heater frequency allowed mode conversion of the O-mode
heater wave into a Z-mode wave to occur at the bottomside of
the E layer. The resulting Z-mode wave propagated through
the E region resulting in a second interaction region forming
simultaneously at the topside of the layer. Each interaction
region extended ~300—600 m in altitude, with distinct structure
observed down to 100 m resolution. It is postulated that owing
to the small-scale heights present in the sporadic £ region, the
enhancements are representative of caviton-induced Langmuir
turbulence. However, the coarse spectral resolution of the
plasma line data, in addition to the single peaked ion line
spectra, makes this impossible to confirm absolutely, as fre-
quency enhancements attributed to the different interaction
mechanisms cannot be directly discerned. The decrease in
electron density of the sporadic £ layer, allowed the heater
beam to penetrate through the layer and propagate to a higher
altitude where it then generated upper hybrid waves resulting in
the formation of AFAIs. The signatures of these were observed
as coherent backscatter targets using the CUTLASS Finland HF
radar. The reappearance of the sporadic £ region then resulted
in the heater beam again being absorbed at this lower altitude.
Plasma and ion line spectral enhancements are then again
observed in the ESR data, this time at a slightly higher altitude
of 113.5 km.

[48] The Z-mode enhanced spectra are observed to occur
outside the Spitze angle. It is thus postulated that the pres-
ence of FAIs, which are observed by the CUTLASS Finland
radar, could account for this.

[49] A ray tracing model was presented for the CUTLASS
Finland radar which showed that, under the ionospheric
conditions present at the time propagation paths from the
radar could observe backscatter in both the £ and F region
above SPEAR adding confidence in the proposed interpre-
tation of the data.
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