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Abstract. Previous studies of the aspect sensitivity of heater-the excitation of Langmuir and ion-acoustic waves at the O-
enhanced incoherent radar backscatter in the high-latitudenode reflection height (e.g. Robinson, 1989; Rietveld et al.,
ionosphere have demonstrated the directional dependend93; Kohl et al., 1993; Mishin et al., 2004). These ion-
of incoherent scatter signatures corresponding to artificiallyacoustic and Langmuir waves can be detected in the interac-
excited electrostatic waves, together with consistent field-tion region by radars pointing in a wide range of directions,
aligned signatures that may be related to the presence of artincluding those close to the geomagnetic field direction (e.g.
ficial field-aligned irregularities. These earlier high-latitude Stubbe et al., 1992; Kohl et al., 1993; Stubbe, 1996; Honary
results have provided motivation for repeating the investi-et al., 1999; Rietveld et al., 2000; Dhillon and Robinson,
gation in the different geophysical conditions that obtain in 2005). These wave modes give rise to enhancements in ion
the polar cap ionosphere. The Space Plasma Exploration bgnd plasma line incoherent scatter spectra and are thought
Active Radar (SPEAR) facility is located within the polar to be caused by excitation of instabilities (Perkins and Kaw,
cap and has provided observations of RF-enhanced ion anti971) that include the purely growing mode (PGM) (Fejer
plasma line spectra recorded by the EISCAT Svalbard UHFand Leer, 1972), also called the oscillating two-stream insta-
incoherent scatter radar system (ESR), which is collocatedbility or modulational instability (Rietveld et al., 2002), and
with SPEAR. In this paper, we present observations of aspedthe parametric decay instability (PDI) (Fejer, 1979). These
sensitive E- and F-region SPEAR-induced ion and plasmawo instabilities are thought to be driven by the effects of the
line enhancements that indicate excitation of both the purelyponderomotive force (e.g. Kohl et al., 1993), thereby result-
growing mode and the parametric decay instability, togetheiing in RF-induced Langmuir and ion-acoustic waves (PDI),
with sporadic E-layer results that may indicate the presencand Langmuir waves associated with a stationary electron
of cavitons. We note consistent enhancements from fielddensity perturbation (PGM). The PDI and PGM were first
aligned, vertical and also fronf South of field-aligned. We observed using the HF heating facility at Arecibo (Carlson
attribute the prevalence of vertical scatter to the importanceet al., 1972; Gordon and Carlson, 1974) as summarized in
of the Spitze region, and of that from field-aligned to possiblethe review by Carlson and Duncan (1977). As well as F-
wave/irregularity coupling. region spectral enhancements, RF-induced features have also
been noted in E-region data, including those from sporadic E-
layers (e.g. Gordon and Carlson, 1976; Djuth, 1984; Schlegel
et al., 1987; Djuth and Gonzales, 1988; Rietveld et al., 2002;
Dhillon et al., 2007).

The SPEAR system (a relatively recent addition to the
global array of HF high-power facilities) began experimen-
Among the most important phenomena associated with overld! Operations in April 2004, since when a wide variety of
i&F—mduced effects produced using the high-power beam
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1 Introduction

dense RF heating are the stimulation of non-propagatin ; :
plasma density irregularities at the upper-hybrid height and'@ve been detected. These include SPEAR-induced plasma
wave excitation and enhancements in field-parallel and field-

_ perpendicular scatter (Robinson et al., 2006; Scoffield et
Correspondence taR. S. Dhillon al., 2006; Yeoman et al., 2007, 2008; Dhillon et al., 2007;
m (ranvir.dhillon@ion.le.ac.uk) Clausen etal., 2008). Field-parallel SPEAR-induced spectral
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modifications whose characteristics are consistent with PGMsphere and magnetosphere. A comprehensive description
and PDI excitation, together with other plasma physical phe-of the SPEAR system, including scientific goals, capabili-
nomena such as the effects of cavitons (Djuth and Gonzaties and initial results, together with technical specifications
les, 1988), have been observed by the EISCAT Svalbaragnd operating constraints, has been presented by Robinson et
UHF incoherent scatter radar system (Robinson et al., 2006al. (2006). During the intervals covered here, SPEAR oper-
Dhillon et al., 2007). In this paper, we add to these resultsated using the full &4 array, transmitting O-mode-polarized
by concentrating mainly upon RF-induced spectral enhanceradio waves in the field-aligned direction with a frequency of
ments and restrict our attention to E- and F-region SPEAR-4.45 MHz and an effective radiated power (ERP) of approxi-
enhanced spectral data accumulated by the EISCAT Svalbamhately 15 MW. The half-power beam width is approximately
Radar (ESR) during experimental SPEAR/ESR/CUTLASS21°.
campaigns conducted in December 2005, October 2006 and The CUTLASS coherent scatter radars (Milan et al., 1997)
August 2007. were also in operation during the experimental intervals pre-
It is clear that the response of the magnetized ionospherisented below. Both the Iceland and Finland radars ran an ex-
plasma to a high-power pump wave exhibits great complex-perimental mode that used 15 km range gates on channel A
ity and variability depending upon the particular direction, and 45 km range gates on channel B, with beam 6 of Iceland
relative to the geomagnetic field, in which the observationsand beam 9 of Finland overlooking the SPEAR site. Because
of RF-induced phenomena are made. This dependence, @f a combination of the frequency sweeps (11-13 MHz), in-
“aspect sensitivity”, motivates us to investigate the underly-tegration time (1 s) and beam sweeps (beams 3-5) that were
ing plasma physical phenomena that give rise to such direcused, the temporal resolution of the data from any specific
tional variability. As noted by Robinson et al. (2006), inco- range-beam cell varied from 9-15s. Further details of the
herent radar backscatter data display less aspect sensitivigUTLASS operating modes utilized during the experiments
than data collected using coherent backscatter radars, whichre given by Robinson et al. (2006).
rely on orthogonal backscatter from field-aligned irregulari- The incoherent scatter radar data presented below were
ties and therefore provide backscatter powers that maximizeecorded using the ESR (Wannberg et al., 1997), which is
in directions perpendicular to the geomagnetic field. Previ-collocated with SPEAR. The ESR, which operates at fre-
ous studies involving the aspect sensitivity of RF-inducedquencies close to 500 MHz, was used to detect the Lang-
ionospheric responses have included those in which signifmuir and ion-acoustic waves generated during the excitation
icant electron temperature enhancements have been noted instabilities near the O-mode reflection height. During all
(e.g. Rietveld et al., 2003), incoherent scatter radar obserthree campaigns from which data are presented, i.e. those
vations of ion and plasma line enhancements, together witltonducted during December 2005, October 2006 and August
their altitude characteristics (e.g. Djuth et al., 1994; Isham ef2007, the ESR ran an experimental mode that used the steer-
al., 1999; Dhillon and Robinson, 2005), measurements of arable 32 m dish, whose pointing direction will be discussed
tificial airglow (e.g. Kosch et al., 2000; Pedersen et al., 2003;in more detail below, to collect both ion and plasma line
Kosch et al., 2004) and observations of stimulated electro-data using long pulses. The ion line spectra were obtained
magnetic emissions (Isham et al., 2005). These previous inen two channels, with transmitter frequencies of 499.9 and
vestigations highlighted the importance of many directions500.3 MHz, using 35@s long pulses with a sampling rate
relative to the geomagnetic field and the study presented heref 10us. The height-discriminated ion line spectral data
again provides evidence of the apparent special nature of cefor both channels were obtained for an altitude range of 86—
tain directions, including field-aligned. 481 km with a resolution of about 28 km. The frequency res-
The experimental configuration and certain technical as-olutions of data from the two channels were 2.0 kHz with the

pects of the SPEAR and ESR systems are described in Sect.feequency ranges of both being50kHz. Only data from
of this paper, with Sect. 3 providing an overview of the ex- the 499.9 MHz channel have been presented in this paper.
periments conducted in the SPEAR campaigns. A discussiorfhe plasma line data were recorded on a separate channel,
of the results is presented in Sect. 4 and a summary of conwith a transmitter frequency of 500.1 MHz and a resolution
clusions is given in Sect. 5. of 13.0kHz, using a 1500@s long pulse with a sampling

rate of 0.6us. During the first two data intervals covered

in this paper, plasma line spectra were obtained in two over-
2 Instrumentation lapping frequency bands of 3.2-4.8 and 4.5-6.1 MHz both

upshifted and downshifted from the transmitter frequency.
SPEAR is a relatively new combined HF high-power (heater)For the third interval, frequency bands upshifted and down-
and coherent scatter radar system, first described by Wrighshifted by 3.65-5.25 MHz (centred on the SPEAR frequency
et al. (2000), located in the vicinity of Longyearbyen of 4.45MHz) and 4.5-6.1 MHz were used. The plasma line
(Spitzbergen in the Svalbard archipelago with a magnetiodata were obtained from altitude ranges of 90-315 and 240—
dip angle of approximately 8% and is designed to carry 465km, although only data from the 90-315km altitude
out a range of space plasma investigations of the polar ionorange are presented in this paper. Because of the long pulses
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Fig. 1. lonograms taken at 18:10 and 18:46 UT on 7 December 2005 (interval 1). The ionogram from 18:46 UT has signatures consistent

with a porous sporadic E-layer that affects waves with frequencies from 2—6 MHz. There is also evidence of second-hop scatter over this

frequency range. These ionograms, together with those shown in Figs. 2 and 3, were recorded using the Svalbard ionosonde during dropout
when SPEAR was not transmitting. In these figures, the SPEAR frequency of 4.45 MHz is denoted using a vertical dashed line.

used, together with a lack of data regarding the echo strengtB  E- and F-region SPEAR-enhanced incoherent scatter
versus range across the long pulse, the plasma line data are data
not discriminated in altitude. The temporal resolution of both

the ion and the plasma line data was 5.0 s. Thi . ; itive E d E-region ESR
In order to investigate the aspect sensitivity of SPEAR- ' "> Sei. lon c?\éeprsE:;pech Sensé Ve - §n| —regljllon
enhanced ESR backscatter, the steerable 32 m diameter di%pls(;r\:a lorhs Ot d duri ~ennhanced lon argj plaoslmaD|ne spgec—
was oriented in several directions in the magnetic meridian ZSOSaSCtO bec ezoog“”gdczmpa'?gzg?n I;C e InII tehcem ?r
plane, i.e. its azimuth was fixed (with a geographic bear- ctober and Augus uring all three o
ing of 182.7) while its elevation varied according to pre- the intervals discussed below SPEAR continuously transmit-
determined cycles, all centred on field-aligned (FA, with altﬁg |Cr? mgdf?elpzjo:rézneed d rg::'ea;'[%nn agrﬁellfhl\r/le'_eu da\:\tlzlllitzgl/gf-s
eographic azimuth and elevation of 1824dnd 81.8 re-
geographic azimu val covered here are 18:10-20:10UT on 7 December 2005 (in-

spectively). A seven-direction cycle, with a dwell-time of
two minutes per direction, was applied during the December€" erval 1), 11:00-16:00UT on 9 October 2006 (interval 2)
nd 14:10-16:00UT on 15 August 2007 (interval 3). As

2005 and October 2006 campaigns. This cycle used a sepa

aration of 3 between adjacent pointing directions, thereby dlescnbed dm thc(; 2, a stevenl d|1rect|gré EShR scannlfnfgt; cy-
resulting in an angular extent of 30entred on field-aligned. cle was adopted during intervals 1 an whereas a hiteen-

Using the convention that angular displacements in the di dlrﬁctlondcycle vg/asfapplltehd durlntg mtelzrv?ll 3t Tthe |SPEIA|?h
rection of increasing elevation angle, from field-aligned, will enhanced spectra from these intervals tiustrate ciearly the

be labelled as positive, and angular displacements in th ffe.CtS of r?n HF.tﬂ'?h powefr pump v(\j/_avE :n @) _artl |rre|g§-
direction of decreasing elevation angle will be labelled as ar ionosphere with traces of a sporadic E-layer (interval 1),

negative, we have denoted these seven pointing direction(s,b) an ionosphere with a temporally varying F-region with
as follows: FA+15 FA+10, FA+5, FA, FA5, FA_10 and Many features (interval 2) and (c) an ionosphere with a fairly
FA—15. A fifteen-direction cycle with a higher spatial res- weak F-region (interval 3). These ionospheric conditions

olution of 2 between adjacent pointing directions was used were deduced using ionograms, recorded using the Svalbard
during the August 2007 campaign. This resulted in an anguIonosonde (Robinson et al., 2006), which were taken dur-
lar extent of 28 centred on field-aligned. Adopting the same ing each of these data intervals. Although SPEAR was 0s-
convention for labelling pointing directions gives directions tenS|ny transmitting continuously, there were periods dur-
from FA+14 to FA-14, via FA+12, FA+10. .. FA etc. Also. ing which transmissions did not occur. These dropouts were

a dwell-time of one minute per direction was used for this caused by a number of factors, including activation of the
higher-resolution cycle Longyearbyen airport interlock, which inhibits transmissions

from SPEAR and the ESR during the presence of aircraft,
operational and technical difficulties, and compulsory inter-
ruption of our observations in order to collect data in support
of the International Polar Year (IPY), with such experiments
running well into 2008. Because of inability to operate the
Svalbard ionosonde simultaneously with SPEAR when it is
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Fig. 2. A series of ionograms from 11:10 to 15:42 UT on 9 October 2006 (interval 2). These ionograms show an ionosphere with an F-region
that evolves over time, gradually becoming less structured and more disturbed.

functioning in high-power mode, real-time ionograms cre-tween 4 and 5MHz in all of these ionograms corresponds
ated within the nominal SPEAR-on interval could only be to the SPEAR frequency of 4.45 MHz. Although the altitude
obtained during these dropouts. These ionograms, togetheesolution in the ionograms is 6 km, signatures with extended
with others from immediately before and immediately af- altitude ranges are sometimes seen and these may be caused
ter SPEAR operation, are shown in Figs. 1, 2 and 3. Fig-by the oblique nature of some of the echoes detected by the
ure 1 shows ionograms taken at 18:10 and 18:46 UT on donosonde receiver/processing system.
December 2005 (i.e. just before and during interval 1). The
ionogram taken at 18:46 UT has signatures consistent with We turn now to the ESR incoherent scatter radar data that
a porous sporadic E-layer (e.g. Kagan et al., 2000; 2002Wwere collected during the three intervals. The altitudinal and
that affects waves with frequencies from 2—6 MHz. Theredirectional dependence of the ion line spectra will be dis-
is also evidence of second-hop scatter over this frequencgussed later, with the data shown in Figs. 7 to 10, but we
range. Figure 2 shows a series of ionograms, from 11:10 toow consider overviews of the ESR ion and plasma line data.
15:42 UT on 9 October 2006 (within interval 2), recorded be- We have shown data from intervals 1 and 3 but have chosen
fore, within and after the duration in which SPEAR was nom- not to illustrate those from interval 2, because showing the
inally transmitting. These ionograms show an ionospherespectral amplitudes over the entire five-hour interval would
with an F-region that evolves over time, gradually becom-obscure the multi-directional enhancements that we wish to
ing less structured and more disturbed over time. Figure dhighlight. The overviews are illustrated using Figs. 4 and
shows another series of ionograms, in this case beginning &, which contain panels that show time series of the central
14:06 UT and proceeding to 16:02UT on 15 August 2007ion line (CIL) and upshifted (UPL) and downshifted (DPL)
(i.e. through interval 3). These ionograms are suggestive oflasma line amplitudes. The central ion line corresponds to
an irregular ionosphere, which at least for a period during thethe central spectral minimum, which is at the ion line radar
interval is underdense. There is also evidence of an E-layefrequency (499.9 MHz). We have not shown the amplitudes
that interacts with radio waves having frequencies from aboubf the (F-region) upshifted and downshifted ion lines, which
2 to 4 MHz, and possibly higher. The vertical dashed line be-correspond to the ion-acoustic peaks, as SPEAR-induced
enhancements in these spectral components have tended to
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Fig. 3. Another series of ionograms beginning at 14:06 UT and proceeding to 16:02 UT on 15 August 2007 (interval 3). The features in these
ionograms are consistent with an irregular ionosphere, which at least for a period during the interval is underdense. There is also evidence of
an E-layer that interacts with radio waves having frequencies of about 2—4 MHz.

occur simultaneously with enhancements in the central iorplacement can have values that exceet] @has been la-

line (e.g. Robinson et al., 2006). Also, the upshifted andbelled as the elevation angle, to which it is identical for
downshifted plasma lines are-a#t.45 MHz from the plasma  values from 0 (horizontal) to 90 (vertical). We shall ex-

line radar frequency (500.1 MHz). In both figures, the start-amine the data by considering significant signatures in the
and end-times of the ESR scanning cycles are identified usplasma line and/or ion line data and study the directional de-
ing vertical light blue lines. The periods during which the pendence of the apparent SPEAR-induced responses. Such
ESR pointed field-aligned are denoted using black rectangleSPEAR-induced spectral enhancements are easier to iden-
at the top and bottom of the data panels, with each scanningfy in the plasma line data, as significant increases in the
cycle being labelled by the circled humbers located aboveJPL and DPL amplitudes (at4.45 MHz from the radar fre-

the panels. The red bars, of varying thickness, indicate periquency) will most probably be caused by SPEAR-excited
ods of high ion or plasma line amplitude consistent with theinstabilities. This provides us with a reliable method by
action of SPEAR. which to distinguish between natural and artificial features
and we have positioned the red bars in this figure so as to
highlight the plasma line enhancements. By inspection, we
fotice clear multi-directional SPEAR-induced spectral en-
hancements that occur during scanning cycles 2, 4 and 6,
and we shall concentrate on these. Considering cycle 2 first,
we see notable plasma line enhancements, clear in panels (c)

Figure 4 shows ion and plasma line data from interval 1 (7
December 2005, 18:10-20:10 UT), where seven cycles wer
used, with the pointing directions in a given cycle proceed-
ing from FA+15 to FA-15. The ionogram from 18:46 UT
shown in Fig. 1 was collected during activation of the airport

interlock. Panels (a) to (d) show F-region (150-250 km) CIL, : :
. g and (d), when the ESR pointed in FA+15, FA+10 and-FA
E-region (80-110km) CIL, UPL and DPL data respectively. The E-region ion line enhancement in FA, seen in panel (b),

The;e altitude ranges were chogen for the E- and F-reglon% not accompanied by an increase in the plasma line ampli-
by virtue of the fact that the principal spectral enhancement§ude and this absence may cast doubt upon whether this ion

?hcglg;f;il;\lrltg:gptlgi?m(zﬁteo??r;sé ;;?nlggéhljr?rlﬁia(ren)azrr]]oe\{c\gme amplitude increase is a SPEAR-induced effect. Turn-
g . X o tt le 4, find cl I li d E-regi
meridian plane (azimuth fixed at 182)1Although this dis- ng nextfo cycle 2, we find clear plasma fine an region
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Fig. 4. lon and plasma line amplitudes from 7 December 2005 Fig. 5. lon and plasma line amplltuc_ies from 15. AU.QUSt 2007. (in-
(interval 1). Panelga) to (d) show the F-region central ion terval 3). Panelgéa) to (d) show F-region central ion line, E-region
. 9 central ion line, and the upshifted and downshifted plasma line re-

line (150-250 km), E-region central ion line (80-110 km), the up- . : . .
shifted plasma line and the downshifted plasma line respectiverSpeCtlvely' Panefe) again shows the elevation angle (angular dis-
placement) of the 32 m dish. The demarcation of the scanning cy-

Panel(e)shows the elgvation a_ngl_e (angular-displacement from hor'cles and the labelling of field-aligned are as for Fig. 4, with the
|zonte_1I) of the 32m dish. In thls figure, and in F'g.' .5' the_start- a_nd ed bars again highlighting the spgectral enhancemer?ts. Definite en-
end-times of the ESR scanning cycles are identified using VertlcaLancements were seen in pointing directions from FA+14 to FA+4
light blue lines. The periods during which the ESR pointed field- and in FA. As for data from interval 1, shown in Fig. 4, these en-
aligned are denoted using black rectangles at the top and bonorﬂancemeﬁts occurred mainly in the E-’region Y
of the data panels, with each scanning cycle being labelled by the '
circled numbers located above the panels. The red bars, of vary-
ing thickness, indicate periods of high ion or plasma line amplitude
consistent with the action of SPEAR. There are clear ion and plasm4eW signs of SPEAR-induced spectral enhancements in the
line spectral enhancements from several directions, including fromF-region ion line amplitude, shown in panel (a). We there-
FA+15, FA+10, FA+5, FA, FA-5 and FA-15, with notable en-  fore conclude that the bulk of the enhancements occur in the
hancement occurring in FA. The upshifted and downshifted plasmaE-region. Clearly, the E-region CIL amplitude varied appre-
line enhancements occur mainly in the E-region and are clearly welgjaply during the SPEAR-on periods and this is accompa-
correlated, both with each other and with the ion line enhancementsyjeg by considerable variability in the F-region CIL ampli-
tude. The SPEAR-induced UPL and DPL enhancements are
clearly well correlated, both with each other and with the E-

ion line enhancements in FA+5, FA, F& and FA-15, with ~ region ion line enhancements.

the strongest plasma line enhancement occurring in FA. Cy- We now comment briefly on data from interval 2 (9 Oc-
cle 6 has enhancements in the five directions from FA+15tober 2006, 11:00-16:00UT), where sixteen scanning cy-
to FA—5 and these again occur in the plasma line and E-cles were used, with the pointing directions in a given cycle
region ion line data. Additionally, there is a possible E-region again proceeding from FA+15 to FALS5. Due to plasma line

ion line enhancement in FAL5 in cycle 3. Also, there are hardware problems, the only useful measurements collected
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during this interval were the ion line data. Because of the SUPERDARN PARAMETER PLOT
natural variability in the plasma density of the polar cap iono- ,
CUTLASS Finland and Iceland Backscatter Power on 9 Oct 2006

sphere over SPEAR, and hence in the associated ion line

spectral amplitude (e.g. Robinson et al., 2006; Dhillon et Beam o 1100 (282) 0 1600 (282)

al., 2007), unambiguously identifying SPEAR-induced fea-  ,g¢ e “ I ‘ \N‘ H‘“ i | “ I

tures became more difficult and we attempted to discern suchw il ‘ ‘\M\ m m | | v M‘ Bl N‘ ‘ g

effects by inspection. We were aided by recognizing the S 784, 1 CIRY - B e + 15

consistent (apparent over several cycles) ion line enhance-& 78.2 Mw‘!mmmmwm‘u L —+ JMMIW!“M‘W: +10

ments in FA. Also, we note that these enhancements, whichg 780F INIWMW‘!WH LA !"h a }WWW% o

occurred mainly in the F-region and which were similar to § " m\WEHNMNMWI\I\W L T Bl ”MN‘W ‘"ll"i‘% FA

SPEAR-induced F-region enhancements reported previouslyg 778 7 i IR T TNINIE T - )|

by Robinson et al. (2006) and Dhillon et al. (2007), were & 77.¢ IR MCIAINITIRETTIOR . f)-:

not as obvious for pointing directions away from FA. Despite il ‘ H|HHH ” id \ T H| | H ‘ W 0

the difficulty in distinguishing between natural and artificial 774 el | AR | 18 P

signatures, we were able to identify scanning cycles contain- 11:00 12:00 13:00 14:00 1500 16:00 | _ gég

ing evidence of SPEAR-enhanced multi-directional enhance- Beam 6 ut 1100 (252 10 1600 262 g

ments. These scanning cycles are discussed below and the F i TR [ A 12~

corresponding ion line spectra are shown in Figs. 8 and 9. 784l !\ m‘ W O | \‘ i “ i 9
Figure 5 shows ion and plasma line data from interval 3 S — hhm - 15

(15 August 2007, 14:10-16:00 UT). For this interval the % 78.2,‘1 [ ” | i +10 @6

high-resolution (2 angular separation) scanning mode was :_', 780; wl i “u"- = B

utilized and six scanning cycles were applied. Also, the scan-§ " ! L | i FA

ning sequence was reversed in the second and fifth cycles, i.eg 778 L. L i VLTI LG 5 o

going from FA-14 to FA+14 instead of FA+14 to FA14, § r I‘lH 1 M| ‘\W‘mi -10

which was the sequence used in the other cycles. The panel” 77-6[| | R i RMUEMEE

layout in this figure is the same as that used in Fig. 4, with R L AL e

panels (a) to (d) showing F-region CIL, E-region CIL, UPL 11:00 12:00 13:00 14:00 15:00 16:00

and DPL respectively. Panel (e) again shows the elevation ut

angle (angular displacement) of the 32 m dish. Plasma line_

hardware problems were again present and these data weEég' 6. A range-time-intensity plot of the _reposmoned CUTLASS

lv available for 14:10-15:00 UT. As for interval 1. we ackscatter power from 9 October 2006 (interval 2). The upper and
only e " - . ! .lower panels show data from Finland Channel A (beam 9) and Ice-
have used these plasma line data to identify periods of multiyng channel A (beam 6) respectively. The horizontal black bars in

directional enhancement, which have been highlighted usingach panel show the overlaid geographic latitudes, calculated using
red bars. From 15:10-16:00 UT, when plasma line data were, typical interaction altitude of 180 km, corresponding to the seven
absent, we tried to identify SPEAR-induced ion line spectralESR pointing directions. The SPEAR beam pointed field-aligned
enhancements by inspection. The loss of data from approxand this corresponds to the highest backscatter power, with appre-
imately 14:20-14:30 UT resulted from the airport interlock, ciably lower powers for pointing directions furthest from FA, i.e.
whereas that from 15:00-15:10 UT was caused by mandaFA+10 and FAE15.
tory suspension of our experiment in order to accommodate
data collection for the IPY experiment. Definite E-region
ion line amplitude increases were seen in FA for cycles 2, 4enhanced CUTLASS backscatter was seen only during inter-
and 6. There are additional increases in FA+8 and FA+6, i.eval 2, which, together with the F-region ion line enhance-
close to vertical, in cycle 1. There are also definite E-regionments and ionograms, is consistent with SPEAR interacting
ion and plasma line spectral enhancements at the end of cywith the plasma in the F-region. Because of tHg&-hop
cle 2 and beginning of cycle 3 in FA+14. Cycle 3 also con- propagation path via which the CUTLASS rays travel to and
tains ion and plasma line enhancements in FA+4 and FA+6from the ionosphere over the SPEAR facility (Yeoman et al.,
In cycle 4, E-region ion line amplitude increases are again2007, 2008) it is found that the calculated position of the scat-
present for directions from FA+4 to FA+12. The higher ion ter is highly susceptible to changes in the ionospheric plasma
line amplitudes after about 15:30 UT in cycle 5 for all direc- density. This results in apparent migration of the patch of ar-
tions from FA-10 to FA may also be SPEAR-induced. As tificial backscatter over time. In order to be able to study
for data from interval 1 most of these enhancements occurre@PEAR-enhanced coherent backscatter properly over ex-
in the E-region CIL data. tended temporal periods, and investigate its effects on the as-
The CUTLASS Finland and Iceland radars were operatingpect sensitivity of SPEAR-enhanced incoherent backscatter,
during the three data intervals and they collected data usinghis apparent motion must be removed. This has been done
the scanning mode that was described in Sect. 2. SPEARby assuming that the SPEAR-enhanced coherent backscatter
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ESR BACKSCATTER DATA
lon Line Spectra (scanning cycles 2, 4 and 6) on 07/12/2005
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Fig. 7. lon line spectra for scanning cycles 2, 4 and 6 from interval 1. For these data, and those from interval 2 shown in Figs. 8 and 9,
each of the seven panels in each row shows temporally averaged ion line spectra from all times during which the ESR pointed in a specific
direction, which ranged from FA+15 to FAL5. Each panel direction is labelled using its designation, e.g. FA+10, followed by the azimuth

and elevation of that pointing direction. The horizontal axis in each data panel shows the frequency and the other two axes show the altitude
and the spectral amplitude. It is clear that significant E-region enhancements occur in FA+15, FA+5, FA-d&ndwtA notable increases

in FA. Also, the central parts of the F-region spectra in FA+15, FA+10 and FA+5 are clearly enhanced.

with the highest amplitude at a given time corresponds to theerval 2 and a range-time-intensity plot of the repositioned
most intense part of the SPEAR beam, which in this caseartificial backscatter, for 11:00-16:00 UT, is shown in Fig. 6.
was pointing in the field-aligned direction. Since the loca- The upper and lower panels of this figure correspond to data
tion of SPEAR is known (78.13N, 16.05 E geographic), from Finland Channel A (beam 9) and Iceland Channel A
this technique may be used to reposition the scatter such thgbeam 6) respectively. The labelled horizontal black bars
its apparent movement over time can be eliminated. A fur-in each panel show the overlaid geographic latitudes of the
ther essential requirement involves confirming that the ma-seven ESR pointing directions. These were calculated for
nipulated scatter was genuinely SPEAR-induced, and not typical interaction altitude during the interval of 180 km.
naturally occurring scatter that happened to be in the vicin-The variation in the backscatter amplitude across the modi-
ity. This was done by examining the spectral widths of thefied patch, as seen by both radars, results from the highest
backscatter. Since artificial backscatter generally has lowebackscatter power corresponding to the centre of the SPEAR
spectral widths than those of natural backscatter (e.g. Dhillorbeam. The temporal variability in the width of the backscat-
et al., 2002), this spectral characteristic may be used tder patch may result, at least in part, from the intrinsic na-
differentiate SPEAR-enhanced CUTLASS backscatter fromture of the polar cap ionosphere, through which patches of
natural backscatter. By applying this method to the dataoverdense plasma frequently travel (Robinson et al., 2006;
from this interval, we were able to identify the artificial Dhillon et al., 2007). The variability in the backscatter am-
backscatter with some confidence. These corrective methplitude, at any spatial position, may also be explained by in-
ods have been applied to CUTLASS data taken during in-cluding the effects of changing ionospheric propagation. Itis
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ESR BACKSCATTER DATA
lon Line Spectra (scanning cycles 1, 4 and 5) on 09/10/2006
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Fig. 8. lon line spectra from scanning cycles 1, 4 and 5 from interval 2. The data are displayed using the same format and labelling as that
applied in Fig. 7. The main features here are the probable SPEAR-induced F-region enhancements in FA+15, FA+10, F5 anitFA

the highest amplitude occurring in FA. These data are generally characterized by increases in the amplitudes of the ion-acoustic peaks an
of the central part of the spectrum. There is evidence of an E-region throughout the three cycles, but this appears to be unaffected by the
SPEAR high-power wave.

notable that the powers have fallen appreciably for pointing6, respectively. Each of the seven panels in each row shows
directions furthest from FA, i.e. FA10 and FAt15. This  temporally averaged ion line spectra from all times during
variation in the backscatter amplitudes implies that the ef-which the ESR pointed in a specific direction in that cycle
fects of field-aligned irregularities on ESR incoherent scat-and each pointing direction, from FA+15 to FAS5, is la-

ter data will most likely be seen in data from FA, with belled using its designation, e.g. FA+10, followed by the az-
the influence of these irregularities decreasing with increasimuth and elevation of that pointing direction. The horizontal
ing aspect angle. This in turn is consistent with the aspectxis in each data panel shows the frequency and the other two
sensitivity mechanism proposed by Dhillon and Robinsonaxes show the altitude and the spectral amplitude. Taking cy-
(2005), whereby the field-aligned irregularities may interactcle 2 first, it is clear that significant E-region enhancements
with SPEAR-excited electrostatic waves. We shall return tooccur in FA and FA-5, with the highest amplitude occurring
these results later in the discussion given in Sect. 4. in FA. The central parts of the F-region spectra in FA+15,

Previously we discussed overviews of ion and plasma IineFAJr10 and FA+5 are clearly enhanced, indicating the ac-

data from intervals 1, 2 and 3. We shall now examine thefl'_%n ?jf tSPfEAR (R?b'zion et ?"-:lzoof‘? Dhllgon e_t al., 2:307)'

directional and altitudinal dependence of the ion line spec- et a_aFerm :?r/]c € h _a\;re]_sml ar fhrong -region en _aZCS'

tra from the three data intervals. Starting with interval 1, we ments n FA, afthough In this case they are accompanied by
F-region signatures that are present in spectra from all direc-

note that data taken during scanning cycles 2, 4 and 6 exhib-

ited significant multi-directional spectral enhancements. Thet'ons' These E-region characteristics are repeated in the data

corresponding ion line spectra are shown in Fig. 7, which haJrO?;Xdeltﬁ' W't:: Eotlce_able_ enhtancements Itn FA+15’tFA+5
three rows of panels that show the data from cycles 2, 4 and" » although F-region signatures are hot apparent.
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ESR BACKSCATTER DATA
lon Line Spectra (scanning cycles 7, 11 and 14) on 09/10/2006
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Fig. 9. lon line spectra from scanning cycles 7, 11 and 14 from interval 2. The data are displayed using the same format and labelling as that
applied in Fig. 7. These data contain fewer examples of F-region enhancements, although they appear to show enhancements in the E-regio
from FA+10, FA+5, FA and FA-5.

The single central peaks present in these E-region spectra We turn now to interval 2, where, of the sixteen scanning
are indicative of collisional plasma and the increase in ampli-cycles that were used, cycles 1, 4, 5, 7, 11 and 14 contained
tude of these peaks during SPEAR-on is consistent with prepossible multi-directional SPEAR-induced ion line enhance-
vious observations of RF-enhanced E-region ion line spectranents. As we have noted above, the modified spectra, par-
(e.g. Rietveld et al., 2002; Dhillon et al., 2007). In the F- ticularly in the F-region, are similar in form to previous
region, SPEAR-induced spectral enhancements were foun8 PEAR-enhanced ion line spectra (Robinson et al., 2006;
to occur within the altitude range of 150-250km. The F- Dhillon et al., 2007) and this similarity provides evidence
region ion line spectrum has its usual form, with two ion- that the spectral modifications are caused by the action of
acoustic peaks whose separation is related to the plasma terBPEAR. The data are shown in Figs. 8 and 9 with Fig. 8
perature. This ion-acoustic peak separation remained uneovering data from scanning cycles 1, 4 and 5, and Fig. 9
changed while SPEAR transmitted, which implies that theredisplaying data from cycles 7, 11 and 14. These data are pre-
was a negligible change in the electron temperature dursented in the same form as those in Fig. 7, with each row
ing SPEAR-on. The symmetric nature of the spectra pre-of panels corresponding to a particular scanning cycle and
sented here is in agreement with the high degree of symthe panels, from left to right, denoting the pointing direc-
metry seen in previous SPEAR-enhanced F-region ion lingions from FA+15 to FA-15. The three axes again show
spectra (Robinson et al., 2006), which were obtained wherthe frequency, the altitude and the spectral amplitude. The
no significant E-region was present. It also contrasts withmain features in Fig. 8 are the probable SPEAR-induced F-
the asymmetric F-region spectral data, reported by Dhillonregion enhancements in FA+15, FA+10, FA and-F# with
et al. (2007), which were obtained during the presence of ghe highest amplitude occurring in FA. These data are gen-
sporadic E-layer. erally characterized by increases in the amplitudes of the

ion-acoustic peaks and of the central part of the spectrum.
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ESR BACKSCATTER DATA

lon Line Spectra (scanning cycle 3) on 15/08/2007
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Fig. 10. lon line spectra from scanning cycle 3 from interval 3. Since the cycles shown here comprise fifteen pointing directions instead of
seven, the panel layout has been amended appropriately. Therefore fifteen panels have been used, one for each of the pointing directions frol
FA+14 to FA—14 (left to right and downwards), with the axes in each data panel again showing the frequency, the altitude and the spectral
amplitude. As before, each panel direction is labelled using its designation, e.g. FA+10, followed by the azimuth and elevation of that
pointing direction. The main features in this data are the characteristic E-region amplitude increases. These occur in many directions, from
FA+14 to FA-6, with a notable prevalence of high-amplitude scatter being present around vertical. Although F-region spectral signatures

are present, there is little evidence for SPEAR-induced amplitude increases in these F-region spectra.

There is evidence of an E-region throughout the three cyclesgle 3 comprises fifteen pointing directions instead of seven,
but this appears to be unaffected by the SPEAR high-powethe panel layout has been changed accordingly. Figure 10
wave. The data in Fig. 9 contain fewer examples of F-regionconsists of fifteen panels, one for each of the pointing direc-
enhancements, although they do appear to show definite eriions from FA+14 to FA-14 (left to right and downwards),
hancements in the E-region, with these increases occurringiith the panel axes corresponding to the same parameters as
in FA+10, FA+5, FA and FA-5. before. The main features are clearly the characteristic E-

We conclude our presentation of the data by considering©9ion amplitude increases that occur for a number of direc-
the ion line spectra from interval 3. Although we previously tONS. These occurin many directions, from FA+14 to-Fg}
highlighted scanning cycles 1, 3, 4 and 5 (Fig. 5), only ion with a prevglence of hlgh—amph_tude scatter pelng present
line spectra from scanning cycle 3 have been presented. Thidround vertical. Although F-region spectral signatures are
is because enhanced plasma lines were seen during this C?_resgnt, there is little evidence for SPEAR-induced ampli-
cle, which is consistent with these features being SPEARIUde increases in these F-region spectra.
induced. Additionally, cycle 3 contains the clearest exam-
ples of similar signatures that are also present in cycles 4
and 5. Furthermore, we have neglected to comment further
on data from cycle 1 because of the dropout caused by the
airport interlock. The data are shown in Fig. 10 and since cy-
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4 Discussion As for the data from interval 1, the E-region ion line spec-
tra from interval 3 (15 August 2007) have a single central
In this study, we have provided ESR observations of the temypeak, indicating collisional plasma, rather than a pair of ion-
poral evolution of aspect sensitive SPEAR-induced E- andacoustic peaks and RF-induced phenomena caused an in-
F-region ion and plasma line spectral enhancements from therease in the amplitude of this central peak. However, the
polar ionosphere over Svalbard. We have presented evidendenograms from this interval (Fig. 3) do not indicate the pres-
of multi-directional spectral enhancements during three in-ence of a sporadic E-layer during the SPEAR-on period. We
tervals when the SPEAR high-power facility was transmit- therefore propose that these observations may be explained
ting continuously in O-mode at 4.45MHz while pointing by invoking the PDI or the PGM (see below), which may
field-aligned. We note the presence of SPEAR-enhanced inalso account for the E-region results reported by Rietveld et
coherent backscatter from a variety of directions throughoutal. (2002). Although there is a degree of variability in the ion
the angular rangef15° centred on field-aligned) over which and plasma line data, there is some evidence to suggest that
we have obtained our observations. These results illustratehese ion line enhancements were accompanied by plasma
clearly the dependence of RF-induced phenomena on theiine enhancements for pointing directions close to vertical.
direction relative to the geomagnetic field. Where possible,This is consistent with previous SPEAR-induced ion and
ion line data were complemented by plasma line data, aplasma line enhancements, which have also tended to occur
upshifted and downshifted plasma line enhancements at theimultaneously (Robinson et al., 2006; Dhillon et al., 2007).
SPEAR pump frequencyH4.45 MHz from the ESR trans- As for the E-region data from interval 3, F-region ion line
mitter frequency) were likely to be SPEAR-induced. On the enhancements from interval 2 (9 October 2006), which oc-
other hand, (E-region 0kHz) ion line enhancements can reeur in the central part of the ion line spectrum and in the ion-
sult from natural plasma density increases and such variabilacoustic peaks, also suggest that both the PDI and the PGM
ity in the plasma density is indicative of the SPEAR-affected were operating, with F-region ionogram features (Fig. 2) in-
region of ionosphere being traversed by patches of overdensdicating that the high-power wave interacted in the F-region.
plasma (Robinson et al., 2006; Dhillon et al., 2007). Our results were obtained while SPEAR operated with
lon line data from interval 1 (7 December 2005) in- an ERP of approximately 15 MW and are consistent with
clude E-region amplitude enhancements in the central iora negligible SPEAR-induced change in the plasma temper-
line and F-region amplitude enhancements in both the ionature. As suggested by Robinson et al. (2006), this rela-
acoustic peaks and the central part of the ion line spectively low SPEAR pump power may result in limited heating
trum. SPEAR-enhanced plasma lines were also observedf the plasma when compared to the temperature enhance-
For the porous sporadic E-layer in this interval, clear from ments that are routinely seen using the EISCAT (Tromsg)
Fig. 1, the E-region enhancements indicate that the transmitheater, which has an ERP of several hundred MW (Rietveld
ted pump wave energy excited electrostatic waves in the Eet al., 1993). Also, this negligible plasma heating implies a
region. This is consistent with patchy E-region plasma that islack of interaction altitude descent driven by RF-induced re-
in frequent motion during SPEAR-on (Dhillon et al., 2007). ductions in the recombination rate. Such descent has been
It is also indicative of highly variable density-dependent ab-noted by Djuth et al. (1994) for vertical observations and
sorption within and penetration through the sporadic E-layerthose obtained from °5south of vertical, and by Dhillon
during the SPEAR-on period. As mentioned by Robinson etand Robinson (2005) for field-aligned observations. This
al. (2006), the variability in the plasma density leads to strongtemperature-dependent effect has since been modelled by
local fluctuations in the electric field strength of the high- Ashrafi et al. (2006) whose results agreed with the findings
power wave. Therefore, the threshold electric fields necesef Djuth et al. (1994) and Dhillon and Robinson (2005), both
sary for instability excitation will only be exceeded intermit- of whose studies were undertaken using the EISCAT heater
tently and for short periods during the SPEAR-on interval. and mainland incoherent scatter radar system.
If the plasma density of the sporadic E-layer is high, then Turning now to the CUTLASS coherent backscatter data
this implies that the majority of the high-power wave energy (Fig. 6) from interval 2 (9 October 2006), we see prominent
ought to be absorbed or reflected in the E-region, with lit- SPEAR-induced backscatter enhancements observed by both
tle to propagate to the F-region. However, any RF energythe CUTLASS Finland (beam 9) and Iceland (beam 6) radars.
that does manage to penetrate the patchy sporadic E-lay@8PEAR-enhanced CUTLASS backscatter, consistent with
is free to propagate to the F-region, where, for sufficiently artificial field-aligned irregularities, and SPEAR-enhanced
high F-region plasma density, it can excite the instabilitiesESR backscatter have previously been observed simultane-
that enhance the F-region spectra. Previous SPEAR-inducedusly (Robinson et al., 2006; Dhillon et al., 2007). As noted
spectral enhancements during the presence of a sporadic By Robinson et al. (2006), such observations are in marked
layer (Dhillon et al., 2007) have been attributed to the effectscontrast to those typically obtained at Tromsg, where irreg-
of cavitons (Djuth and Gonzales, 1988) and the observationsilarity onset, associated with upper-hybrid waves excited at
discussed here may also be caused by the same physical prilve upper-hybrid resonance layer, is usually assumed to in-
cess, further details of which are given below. hibit excitation of Langmuir and ion-acoustic waves, which
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occur near the O-mode reflection height, by redirecting the We now discuss the reported aspect sensitivity of vari-
pump wave energy towards stimulating these upper-hybricbus RF-induced features. Such aspect sensitive responses
waves. Such simultaneous observations of coherent and irinclude those that have been observed in Langmuir turbu-
coherent backscatter indicate important differences betweetence (Isham et al., 1999), RF-induced descent of the inter-
RF-induced effects in the ionospheres over Tromsg and Svalaction altitude (Djuth et al., 1994; Dhillon and Robinson,
bard, and further investigations involving comparison of the 2005), optical emissions (Kosch et al., 2000; Pedersen et
backscatter amplitudes may yield important information re-al., 2003; Kosch et al., 2004), electron temperature increases
garding RF-induced instability processes in the polar iono-(Rietveld et al., 2003) and stimulated electromagnetic emis-
sphere. We report similar simultaneous enhancements igions (SEE) (Isham et al., 2005). The field-aligned direc-
this study, where, particularly between 12:00 and 15:00 UTtion was found to be important in some of these studies,
(scanning cycles 4 to 14 in interval 2), variable ion line e.g. Rietveld et al. (2003) found the highest electron tem-
amplitudes are present together with artificial backscatteperature increases in this direction. This agreed with the
(Fig. 6). Combining these observations with the well ac-findings of Dhillon and Robinson (2005) whose observations
cepted result that irregularities are generated at the uppewef field-aligned RF-induced descent of the interaction alti-
hybrid height, which is close to where the O-mode pumptude were explained using these high electron temperatures.
wave is reflected, the ESR observations indicate that the arAlso, observations of artificially induced optical emissions
tificial irregularities detected by CUTLASS were generated (airglow) were also noted to occur preferentially in the field-
in the F-region, from where previous observations have beemligned direction (Kosch et al., 2000; Pedersen et al., 2003).
made and from where ray-tracing studies indicate that suctHowever, other directions to the geomagnetic field have also
scatter should originate (Robinson et al., 2006; Yeoman egjiven interesting results. For instance, RF-induced descent
al., 2007, 2008). These findings complement the study byof the interaction altitude was noted by Djuth et al. (1994)
Dhillon et al. (2007) who observed irregularities from upper in the vertical direction and from°Ssouth of vertical. Also,
E-/lower F-region altitudes. Further evidence that the scattetsham et al. (1999) found that RF-induced Langmuir turbu-
originated from the upper E-/lower F-region, and not from lence maximized between field-aligned and the direction cor-
higher altitudes, was provided by Senior et al. (2004) who,responding to the Spitze angle, which demarcates the Spitze
following on from previous studies undertaken by Jones etregion through which propagating high-power waves may
al. (1984) and Robinson (1989), investigated the altitudinalreach their highest possible reflection point and excite insta-
extent of RF-induced artificial field-aligned irregularities and bilities that include the PDI and PGM. In addition, Dhillon
determined that they had e-folding scale lengths of approxi-and Robinson (2005) found persistent heater-enhanced in-
mately 20 km. coherent backscatter fron? &outh of field-aligned. Such

As noted above, the observation of SPEAR-enhancednulti-directional backscatter was also recorded by Kosch et
CUTLASS backscatter is highly susceptible to changes inal. (2004), together with optical emissions, and the directions
the ionospheric plasma density, which affects the characfrom which these heater-induced phenomena originated were
teristics of the 1/»>-hop propagation path that is required to found to vary over time. Furthermore, Isham et al. (2005) ob-
observe the scatter (Yeoman et al., 2007, 2008). Also, theéained evidence for the aspect sensitivity of different features
variability in ionospheric conditions over extended periods present in SEE spectra.
affects the ability of the ionosphere to sustain artificial ir- Previous studies in which aspect sensitive phenomena
regularities, e.g. if the plasma becomes underdense then ahave been reported have noted the importance of the Spitze
tificial field-aligned irregularities will not be created. These region (e.g. Isham et al., 1999; Kosch et al., 2000), in which
factors combined would result in variable backscatter pow-the angle of the pump waves to the vertical is less than the
ers being measured by CUTLASS. Dhillon and RobinsonSpitze angle. Such high-power rays can reach the altitude
(2005) proposed a relationship between field-aligned irregwhere the pump frequency equals the local cold plasma fre-
ularities and routinely observed field-aligned RF-enhancedquency, thereby propagating through the PDI and PGM ex-
incoherent scatter, whereby artificially excited ion-acousticcitation region, which extends from the O-mode reflection
and Langmuir waves could be guided preferentially along theheight down to where Landau damping of the electrostatic
geomagnetic field. This process may rely upon the irregulari-waves becomes prohibitively large (Rietveld et al., 1993;
ties, which are elongated and extend along the field lines, actkohl et al., 1993). Importantly, Mishin et al. (2004, 2005)
ing as waveguides and focusing along the geomagnetic fieldrgued that heating outside the Spitze region, including in the
those waves whose wave vectors are generally parallel téield-aligned direction, was not conducive to the generation
it, thereby channelling RF-excited electrostatic waves in theof Langmuir and ion-acoustic waves via the actions of the
field-aligned direction. This mechanism is consistent with PDI and PGM. Consequently, Mishin et al. (2004, 2005) pro-
our F-region ESR observations, where field-aligned SPEAR-posed an alternative mechanism for excitation of Langmuir
excited electrostatic waves were often observed. In additionand ion-acoustic waves outside the Spitze region. This pro-
we have also seen repeated E-region field-aligned amplitudeess involved parametric decay of the O-mode pump wave
increases. into upper-hybrid (and lower-hybrid) waves. Together, these
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provide us with two mechanisms that could result in SPEAR-data. Djuth and Gonzales (1988) subsequently examined the
enhanced incoherent backscatter, depending upon whethéemporal development of the RF-enhanced sporadic E-layer
the Spitze angle is exceeded by the propagating high-poweplasma line in great detail and concluded that, although di-
waves. rect conversion of the pump wave into Langmuir waves by
We turn now to our observations and note that the Spitzen situ small-scale irregularities can explain rapid (less than
angle at Svalbard is about'.4 From this we determine 20us) RF-enhanced plasma line growth, slower (greater than
that, for data intervals 1 and 2, FA+5 and FA+10 lie within 100us) observed growth times are difficult to explain with
the Spitze region with FA+15 being just outside. Simi- this process. Instead, it was proposed that mode conver-
larly for interval 3, FA+12, FA+10, FA+8 and FA+6 are sion along sporadic E-layer vertical gradients near the crit-
within the Spitze region, with FA+14, FA+4 and FA+2 being ical layer provides a better overall description of the obser-
just outside. Taking into account previously recorded field-vations, and that the formation of density cavities (cavitons)
aligned enhancements (e.g. Dhillon and Robinson, 2005)near the reflection height may play an essential role in the
and those occurring between field-aligned and the Spitzgoroduction of Langmuir waves. These cavitons (e.g. Morales
angle (Isham et al.,, 1999), we may consider FA, FA+2,and Lee, 1977) could give rise to the SPEAR-induced spo-
FA+4 and the Spitze region directions given above as antadic E-layer ion and plasma line enhancements reported
tenna orientations with which we may reasonably expecthere and similar ion line enhancements presented by Dhillon
to see SPEAR-enhanced scatter. Although our observaet al. (2007). Such cavitons and the spatial extent of asso-
tions indicate spectral enhancements from many directionsgiated density inhomogeneities are consistent with the study
we note that SPEAR-enhanced incoherent backscatter wasy Robinson (2002) who applied a multiple scatter theory
seen frequently in FA and in directions close to verti- to the propagation of electromagnetic test waves during RF-
cal. Field-aligned SPEAR-induced enhancements similar tanduced heating and found a broadening of the interaction
those shown here have been observed previously (Robinsoregion.
et al., 2006; Dhillon et al., 2007) and have been attributed Furthermore, observed plasma line growth times in the
to the actions of the PDI and PGM, although this appears taange <4 to 20us, being much shorter than those antici-
be inconsistent with the conditions described by Mishin etpated for a convective PDI, led Newman et al. (1998) to sug-
al. (2004, 2005). However, the results from close to ver-gest that an absolute (i.e. non-convective) PDI (Rosenbluth
tical, recorded using pointing directions within the Spitze et al., 1973) could develop in the sporadic E-layer plasma.
region, may be explained by invoking the PDI and PGM. The absolute instability in an inhomogeneous plasma, whose
Also, enhancements in FA+15 and FA+14 are very close tathreshold is much higher than that for the convective instabil-
the edge of the Spitze region and may also be accounted faty (e.g. Goldman et al., 1997), is not limited by convective
using the PDI and PGM. Perhaps more puzzling are the siglosses, where the three-wave interaction matching condition
natures from directions south of field-aligned. Such signa-that characterizes the convective instability is essentially de-
tures were seen in FAL5 and repeatedly in FA5. These tuned as Langmuir waves propagate along the steep electron
observations in FA'5 are similar to the Tromsg results ob- density gradient (e.g. Bernhardt et al., 2003). This was used
tained by Dhillon and Robinson (2005) where ion line am- to explain the large sporadic E-layer airglow enhancements
plitude increases were seen frorh $uth of field-aligned. observed by Djuth et al. (1999) at altitudes of approximately
They are also in accordance with the findings of Ogawal20km. Bernhardt et al. (2003) indicated that linear mode
and Oyama (private communications, 2007) who noted RF-conversion may also be important in explaining the sporadic
enhanced scatter from 6>8outh of field-aligned at Tromsg. E-layer airglow. Also, Gondarenko et al. (2003) performed
As a final remark on aspect sensitivity, we suggest that oussimulations that indicate that linear mode conversion in spo-
observations of enhanced scatter atHA% may indicate the radic E-layer plasma above Arecibo gives rise to localized
presence of an ionospheric tilt, perhaps similar to that notedegions containing amplified electric fields. These enhanced
by Rietveld et al. (2003), with sufficient power being trans- electric fields could accelerate electrons and lead to the pro-
mitted into the ionosphere due to the presence of a side lobajuction of the intense airglow.
as modelling of the beam pattern shows that the side lobes As stated above, SPEAR-induced E-region enhancements
have maxima that occur at about°16ff the centre of the from interval 3 were collected during a period when the cor-
main lobe. responding ionograms indicated that a sporadic E-layer was
We now discuss the effects of a high-power pump wavenot present. This implies that, as for our F-region observa-
interacting with the kind of sporadic E-layer that was presenttions, the PDI and PGM may have been excited, as these re-
during interval 1. Both Gordon and Carlson (1976) and sults were probably obtained from a plasma regime similar to
Djuth (1984) observed sporadic E-layer plasma line enhancethat studied by Rietveld et al. (2002), who presented ion and
ments exactly at the radar frequesrdihe pump frequency. plasma line observations in an auroral E-layer having a scale
Djuth (1984) concluded that the PGM was probably below height of 5-10 km. This is significantly different from spo-
threshold during these observations, and therefore direct corradic E-layer plasma, where the scale height is 0.2—1 km or
version may play a role in explaining the sporadic E-layerless (Djuth, 1984). One expects the (convective) PDI and the
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PGM to be excited in plasma with a scale height of 5-10 km,of field-aligned provide such contributory evidence. Collec-
but not in sporadic E-layer plasma where the electron densityively these findings indicate the significance of the direc-
gradients are much steeper (Djuth, 1984). The reason for thifonal dependence of RF-induced phenomena and highlight
is that in a steep sporadic E-layer electron density gradientthe importance of further investigating the aspect sensitiv-
the Langmuir wave vector quickly rotates away from the di- ity of such effects. Finally, we should remark that these re-
rection of the pump field thereby decoupling from the pump. sults highlight the value of plasma physical experiments con-
In addition, the wave rapidly propagates outside of the nar-ducted in the polar cap ionosphere using the SPEAR high-
rowly confined altitude region of instability preventing sig- power facility, which satisfactorily complement previous ob-
nificant Langmuir wave amplification from occurring (e.g. servations from lower latitudes.

Perkins and Flick, 1971; Fejer and Leer, 1972; Muldrew,
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