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Abstract:  Artificial 1onospheric optical emissions can be produced by high-
power high-frequency (HF) radio waves. From the observation of HF induced
artificial aurora on 21 February 1999. M.J. Kosch et al. (Geophys. Res. Lett., 27,
2817, 2000) first noted the equatorward displacement of the optical emission
towards the magnetic field line direction. This effect is investigated further and
does not appear to be related to either the ion drift or neutral winds. HF
coherent radar backscatter observations are presented for the first time in conjunc-
tion with artificial aurorae. Ray tracing suggests that the optical displacement
may be related to the mechanism for producing field-aligned irregularities, which
the radars require for receiving backscatter. The altitude of the artificial aurora
has been esttmated and is shown to be well below the reflection altitude and upper
hybrid resonance height of the pump wave.

1. Introduction

High-power high-frequency (HF) radio waves can produce artificial optical emissions
in the ionosphere due to electron bombardment of the neutrals. Optical observations are
one of the few means of detecting energetic electrons produced from plasma turbulence
generated by powerful HF waves in the ionosphere (e.g. Sipler and Biondi, 1972; Haslett
and Megill, 1974; Bernhardt et al, 19894, b). The energisation threshold for the O('D)
630 nm and the O('S) 557.7 nm emissions is 1.96 eV and 4.17 eV, respectively (Bernhardt ez
al., 1989a). However, the effective threshold to excite the O(‘D) and O('S) states is > 3.1
and > 5.4 eV, respectively, due to quenching by N, (Djuth et a/., 1999). Optical emissions
at 630 nm have been observed at mid-latitude HF facilities such as Platteville (Haslett and
Megill, 1974) and Arecibo (Sipler and Biondi, 1972; Gordon and Carlson, 1974; Bern-
hardt et al., 1988), at Moscow (Adeishvili et al., 1978) and the Sura facility near Vasilsurk
(Bernhardt et al., 1991). From mid-latitude studies, the optical emissions have been
attributed to energetic electrons accelerated by Langmuir turbulence (Haslett and Megill,
1974; Sipler et al., 1974; Weinstock, 1975; Gurevich et al., 1985) as well as energetic
electrons coming from the tail of a Maxwellian velocity distribution of HF enhanced
electron temperature (Mantas, 1994; Mantas and Carlson, 1996; Gurevich and Milikh,
1997). Mishin et al. (2000) argue that the HF pumped electron energy distribution is not
Maxwellian due to the interaction of N, regardless of the accelerating mechanism.

At auroral latitudes, an initial attempt to produce an artificial aurora (Stubbe et al.,
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1982) was unsubstantiated by simultaneous independent observations (Henriksen et al.,
1984). The first unambiguous high-latitude artificial aurora observations of the O('D)
emission have been made more recently at Troms¢ on 16 February 1999 (Brindstrom et
al., 1999) and 21 February 1999 (Kosch et al., 2000a), using the EISCAT HF facility
(Rietveld et al., 1993) in northern Scandinavia, and on 18 March 1999 (Pedersen and
Carlson, 2001) using the HAARP HF facility in Alaska. For the first observation, the
high latitude artificial aurora is associated with very large electron temperature enhance-
ments amounting to approximately 2500 K above background (Leyser et al., 2000;
Gustavsson et al., 2001). Unfortunately, incoherent scatter measurements are unavailable
for the other high-latitude artificial aurorae published to date. In this paper, we investi-
gate all additional observations associated with the 21 February 1999 artificial aurora.
This includes an altitude estimate of the optical emission, HF coherent radar and dynasonde
backscatter, F-region ion drifts and neutral winds, and ray tracing of the pump wave.

2. Observations and discussion

On 21 February 1999, the EISCAT HF facility was operated in O-mode at 4.04 MHz
with an effective radiated power of 73 MW in the vertical direction. The modulation was
a sequence of 4-min on, 4-min off from 1648 to 1828 UT. A co-located advanced
ionosonde (dynasonde) made soundings every 4 min from which the real reflection height
of the pump wave was obtained using the true-height inversion program POLAN
(Titheridge, 1967). The upper hybrid resonance height, which in our case is the height at
which the plasma frequency is 240 kHz below the pump wave reflection height, was then
computed. The directions of arrival and Doppler shifts of dynasonde backscatter were
used to estimate F-region ion drift velocities (Wright and Pitteway, 1994). The
CUTLASS pair of radars (Milan et al., 1997), which are part of the SuperDARN network
of similar radars (Greenwald et al., 1995), recorded the artificial backscatter generated by
HF O-mode pumping (Robinson et al., 1997). In this study, CUTLASS used a 2-min
beam scan with 45 km range resolution and operated at 12.4 MHz prior to 18 UT and at
10 MHz thereafter. However, only the Hankasalmi radar, which views predominantly
poleward, received backscatter. The Digital All-Sky Imager (DASI) (Kosch et al., 1998)
was operated viewing in the zenith above Skibotn (69.35'N, 20.36°E), Norway, which is
approximately 50 km south and east of the EISCAT HF facility (69.59'N, 19.23°E).
Images were taken using a 116° field-of-view lens, a 630 nm narrowband interference filter
and 10 s integration. A Fabry-Perot interferometer located at Skibotn (Kosch et al.,
1997) was used to estimate F-region neutral winds (Kosch et a/., 2000b). The instrument
scans through north, south, east and west at 45° elevation as well as the vertical direction.
Geomagnetic conditions were very quiet on 2| February 1999 with K,=1 during the
period of interest, preceded by 9 hours of K,=0".

A patch of artificial aurora started to appear ~10s after HF switch on, developing to
a maximum peak intensity of about 100 Rayleighs above background within ~60s.
When the HF pump was switched off the emission decayed within ~30s in agreement
with the observations of Brindstrom et al. (1999). Pedersen and Carlson (2001) also
found the rise time to be longer than the decay time. Panel A of Fig. |1 shows the time
sequence of optical intensity, spatially averaged over the entire optical emission, in
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Fig. 1. An oversiew of the HF induced ariificial aurora of 21 February 1999  Pauel A
shows the average intensity of the 630 nm emission above backgrornd. The square
wave shows the HF pwnp on/off cycle. Panel B shows the 4.04 MHz O-mode
reflection aliitude (solid line), the upper hybrid resonance altitude (dotted line), and
the height estimate of the optical emission (dashed line)  Panel C shows meridional
(solid line) and zonal (dashed line) t-region ion drifis over Tromsg. Panel D shows
meridional (solid line) and zonal (dashed line) f-region neutral winds ever Tromsg
Jfronr opposite look directions.  For panels C and D, positive is northward and
eastward.  Ponel £ shows a latitudinal keogram of HF coherent radar backscaner.
The dashed line shows the location of the EISCAT HF facility.

Rayleighs for 630 nm. The data have been background subtracted, using images during
no HF pumping, to remove scattered light from the setting sun.  Negative intensities arise
from noise in the background subtraction. The square wave represents the HF pump on/
off cycle. In theinterval 1648-1812 UT, there is 4 clear corrclation betwsen the transmitter
being turned on (off) and the optical intensity rapidly increasing (decreasing). The data
prior to 1704 UT is badly contaminated by a bright background sky and is not analysed
further The optical emission prior to 1648 UT is caused by phasing up of the HF
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Fis. 2. False colour images of the artificial aurora from BASI  Each panel shows the last
10 5 integration of an HF pump on cycle  The zoomed feld of view is in the zenith
above Skiboin with north and east to the top and right, respectivel  The images are
background subtracted and calibrated imo absolute Rayleighs ar 638 nm  The start
time of each integration is overlaid in the images The white circle is a mapping of
the modelted HF beam at the —3 dB level The mapping height is the HF
reflection aftitude nrinus the distance indicated in cach panel (see Fig. 1) The black
square inside and outside the circle corresponds to the zenith and magnetic feld line
through the HF faciity, respectively

transmitters  Panel B of Fig 1 shows the pump wave reflection altitude (solid line), which
ascended from 210 to 290 km throughout the experiment. The estimated error is up to
+10km caused by the uncertainty in the trueheight inversion process and ionogram
contamination by the HF pump wave itself

Figure 2 shows a fulse-colour sequence of 9 DASI images taken 8 min apart. between
1704 and 1812 UT, each one being the last 10 s integration taken belore the end of a 4.min
HF on interval. Noith and east are to the top and right of each image, respectively, and
the start time of each integration is overlaid in the images The white circle shows the
modelled HF beam for the —3dB locus Assuming no refraction, the effective beam
diameter corresponds to ~ 15", which is equivalent to a 65 km diameter at 250 km altitude.
The black square outside the circle marks the intersection ol the magnetic lield line (12.8°
zenith angle at 183.3° azimuth) through the HF facility with the pump wave reflection
height. The black square inside the circle marks the HF facility’s location. A line
joining both squares corresponds 1o the magnetic meridian direction over EISCAT.

Figure 2 is similar to Fig 2 of Kosch et af. (2080a) where the HF beam — 3 dB locus
was mapped to the pump wave reflection altitude. A clear equatorward shift of the
optical emission compared te® the HF beam projection was seen. In addition, these data
showed a small but systematic westward shift of thc optical emission compared to the
projection of the HF beam. which is noted here for the first time. The westward
displacement cannot be explained by refraction of the pump beam because the setting sun
would ensure a descending electron density gradient from west to east. which would cause
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an eastward refraction of the pump beam. Pedersen and Carlson (2001), whose optical
imager was co-located with the HAARP HF facility, also observed the equatorward shift
of the optical emission when pumping in the local zenith. However, most importantly,
they found the optical emission to be exactly east-west symmetric across the magnetic
meridian over the HF facility. This is confirmed by Gustavsson et al. (2001), in their
Fig. 6, for 16 February 1999. Since DASI is not co-located with the EISCAT HF facility
(50 km separation), and assuming geomagnetic east-west symmetry of the artificial aurora
over EISCAT, itis possible to perform “one-legged” triangulation using the DASI images.

Figure 2 shows the HF beam mapped so that the optical emission is symmetrically
located on the magnetic meridian over EISCAT. In order to achieve this, the projection
altitude had to be reduced from the pump wave reflection altitude by the amount indicated
in each image (20-70 km). Panel B of Fig. | shows the altitude of the artificial aurora
(dashed line), which varied from 180 to 225 km=5km. With the exception of the first
data point at 1708 UT, the height of the artificial aurora is remains remarkably constant
(205-225 km) despite the steadily increasing pump wave reflection altitude. Using
multi-station observations, Gustavsson et al. (2001) found the maximum optical emission
to be 5-25 km below the pump wave reflection altitude. Model calculations by Bernhardt
et al. (1989a) found the optical emission altitude to be ~0-25 km below the accelerated
electron source region for HF interaction altitudes of 250-300 km. Mid-latitude altitude
estimates by triangulation (Haslett and Megill, 1974) show that the optical emission was
limited in height to 280+ 15 km although the pump wave reflection height could be up to
30 km higher. This is consistent with Bernhardt’s et al. (1989a) model. The direction of
these results are also consistent with our observations, except that we estimate the vertical
displacement to be somewhat greater with an average of ~40 km.

A potential problem with the accuracy of the “‘one-legged” altitude triangulation is
indicated by comparing the radiative lifetime of the O(‘D) emission with theoretical curves
by Gustavsson et al. (2001). Their Fig. 8 shows that. for altitudes of 180-225 km, the
radiative lifetime of O('D) should be ~10-30s. For 21 February 1999, the mean radiative
lifetime is ~35s. Ignoring the first altitude estimate (180 km), which may be contami-
nated by scattered sunlight, Gustavsson’s et al. (2001) theoretical estimate becomes ~15-30
s, which is still significantly less than that measured. Uncertainties in the “one-legged”
altitude estimate includes errors in inverting the dynasonde data, mentioned earlier, and
aligning the DASI images of the artificial aurora, which are noisy and diftfuse, onto the
EISCAT magnetic meridian. We conclude that our estimates probably constitute the
lower bound for the altitude of the artificial aurora.

The large vertical displacement between the artificial aurora and the estimated pump
wave reflection altitude is unexpected. If the mechanism of electron acceleration is
Langmuir turbulence, then this would maximise at the pump wave reflection altitude.
Leyser et al. (2000) suggested that upper hybrid turbulence could be a mechanism for
electron acceleration. Panel B of Fig. | shows the estimated upper hybrid resonance
(UHR) height (dotted line), which is 3-8 km below the pump wave reflection altitude.
However, the optical emission is also well below the UHR height. It is possible that the
energised electrons must travel to lower altitudes where the oxygen density is greater in
order to produce an observable optical emission. This situation would be very similar to
the natural aurora where the maximum brightness typically occurs near the bottom of the
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auroral forms. In the case of the artificial aurora some evidence of vertical extent in the
optical emission should be apparent (e.g. ray structures). To date, this is not apparent for
both the 16 and 21 February 1999 data sets. where off axis optical recordings were made.
Unfortunately, no electron temperature data are available for 21 February 1999.
Gustavsson et al. (2001) show electron temperature altitude profiles for 16 February 1999.
It seems clear that the electron temperature maximum is close to the pump wave reflection
altitude (220-280 km) and temperature enhancements occur at all higher altitudes to
beyond 500 km. Unfortunately, the 22 km range resolution makes it difficult to investigate
the relationship between electron temperature and optical emission altitude as the artificial
aurora appeared only 5-25 km below the pump wave reflection altitude on 16 February
1999. The same difficulty applies when comparing the electron temperature enhancements
to the UHR height.

The artificial aurora shown in Fig. 2 is clearly equatorward of the projected pump
beam. It should be noted that these images represent steady state conditions as each image
is the last 10 s integration of a 4-min HF pump on cycle. Kosch et al. (2000a) showed that
the displacement is not due to a geometric effect caused by the equatorward tilt of the
magnetic field. Pedersen and Carlson (2001) suggested that the F-region ion drift might
explain the displacement because the O('D) photon is a forbidden transition and is only
emitted ~110 s after energisation of O in free space. Panel C of Fig. | shows the F-region
ion drift extracted from dynasonde data. The meridional and zonal components are
shown as the solid and dashed lines, respectively, with error bars. North and east are
defined as positive. For the period of interest, the meridional and zonal velocities are less
than 150 and 400 m/s, respectively. During quiet geomagnetic conditions, which
prevailed on 21 February 1999 (K,=1), the dynasonde produces accurate estimates of
horizontal ion drift (Sedgemore et al., 1998, and references therein). The velocities are
consistent with CUTLASS radar Doppler shift data (not shown) (Eglitis et al.. 1998),
which show the mainly meridional velocity to be less than 50 m/s. Gustavsson et al.
(2001) have shown that the effective lifetime of O('D) is less than 50 s below 250 km due
to quenching by N,, O, and O. For the lowest measured altitude of the artificial aurora
(180 km), the horizontal displacement between the zenith and magnetic field line directions
is 40 km. For an O('D) lifetime of 50s and the maximum equatorward ion drift of 150
m/s, ion transport accounts for a possible maximum 7.5 km equatorward displacement.
Using the maximum but less realistic lifetime of 110s yields a maximum displacement of
16.5 km. Clearly, ion drift does not account for the displacement of the optical emission.

Pedersen and Carlson (2001) also suggested that the F-region neutral wind might
explain the displacement of the artificial aurora. Panel D of Fig. | shows the thermo-
spheric winds from Fabry-Perot interferometer measurements. The meridional and zonal
components are shown as the solid and dashed lines, respectively, with error bars. North
and east are defined as positive. The pairs of curves arise because any component of the
neutral wind can be estimated twice by scanning the interferometer to opposite look
directions. For the period of interest, the meridional and zonal velocities are less than 150
and 120 m/s, respectively. The same reasoning applies here as for the ion drifts. Hence,
the neutral winds also cannot account for the displacement of the optical emission. This
result is consistent with the observations of 16 February 1999 (Gustavsson et al., 2001).
We conclude that the displacement is probably an important clue to the mechanism of
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artificial aurora generation at high latitudes. This conclusion is reinforced by the fact that
the dynasonde sky plots, which show the direction of arrival of backscatter, often show a
distinct equatorward displacement and appear to cluster around the magnetic field line
direction. On 21 February 1999, dynasonde backscatter came from a region up to 100 km
in diameter displaced ~50 km equatorwards of zenith (not shown). This is entirely
consistent with the displacement of the artificial aurora. The reason for this phenomenon
remains unknown (J.W. Wright, private communication).

Bernhardt et al. (2000) found that the motion of the optical emission was a good
indicator of F-region ion drift and neutral wind at low latitudes. Earlier we explained the
small westward displacement of the artificial aurora from the magnetic meridian over the
HF facility in terms of the reduced altitude of the optical emission. However, a westward
ion drift would produce a similar displacement due to the long lifetime of O('D). Kosch
et al. (2000a) found no zonal drift motion of the optical emission for 21 February 2001.
In addition, Fig. 2 in Kosch et al. (2000a) shows the westward displacement to always be
present whereas Panels C and D of Fig. | shows the zonal ion drift and neutral wind,
respectively, to be both eastward and westward at different times. We conclude that the
altitude of the artificial aurora is below the pump wave reflection altitude and the westward
displacement of the optical emission is not due to zonal ion drift or neutral wind. A
future observation of artificial O('S) aurora will provide definitive evidence as the lifetime
of the 557.7 nm emission is only ~0.7s.

Panel E of Fig. 1 shows a latitudinal keogram of backscatter power from the
CUTLASS (Hankasalmi) coherent radar.  The square wave represents the HF pump on/
off cycle. The dashed line shows EISCAT's location. The radar’s over-the-horizon ray
path has been corrected for refraction using the ionospheric electron density profile taken
from the dynasonde. This results in a mapping accuracy of less than | range gate (45 km)
(Yeoman et al.,2001). There are clear and large enhancements in the backscatter power,
up to 40 dB, during HF pump on periods centered on EISCAT’s latitude. Natural
backscatter exists poleward of EISCAT, which descends in latitude towards the end of the
experiment.

Figure 3 shows the spatial extent of the CUTLASS coherent backscatter power for 15
HF pump on periods. The cross shows the location of the EISCAT HF facility. The
central 9 panels correspond to the optical images shown in Fig. 2. The last 3 panels show
the natural backscatter encroaching from the north. The area covered in each panel is
400 %< 400 km, whereas the artificial aurora has a diameter of ~50 km. Hence, it is clear
that the optical emission is very much more localised than the region of artificial backscat-
ter. Coherent HF backscatter is produced by field-aligned irregularities (FAI), which are
easily stimulated by HF O-mode pumping via resonant mode conversion to electrostatic
waves (Robinson, 1989). Mode conversion occurs efficiently at the UHR height and
artificial FAI are a common feature of HF O-mode pumping (Robinson et al., 1998; Bond
et al., 1997). Electron temperature enhancements, as seen on 16 February 1999 (Leyser et
al., 2000), are also the final result of the conversion of HF waves into plasma waves and
are correlated with FAI and anomalous absorption (Robinson et al., 1997, 1998). Only
about 5% of maximum pump power (~10 MW) is needed to produce FAI (Wright et al.,
2000) whereas the artificial aurora has proven difficult to stimulate even with maximum
power. The spectral width of the CUTLASS backscatter (not shown) is less than 25 m/s,
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Fig 3. Each panel shows ihe HF coherent backscaiter power from the CUTLASS
Hankasahni radar in false colour centered over Tiomsg. Each image corresponds
1o an HF punp on cycle. The cenwral 9 panels correspond to the optieal inmages
shown in Fig. 2. The cross shows the location of the ESCAT HF fucility.

which is relatively narrow. This is consistent with the pump wave enhanced FAI being
an artifictal hard target (Eglitis e/ af., 1998).

Figure 4 shows the ray tracing diagram for a vertically directed 4.04 MHz @-mode
pump wave corresponding to the ionospheric conditions prevailing at 1732 UT on 21
February 1999 assuming a horizontally unilorm ionosphere  The calculated ray paths are
shown for incident angles to the zenith in 3° steps from |5 south to 12° noith. The pump
wave retlection ultitude (dotted line) for 404 MHz is 244.9km and the UHR height
(dashed linc) is 2485 km. The oricntation of the pump wave E-vector is shown by the
arrows lor the UHR height. The direction of the magnetic field line passing through the
HF tacility is shown by the dash-dotted line The ionospheric electron density prolile is
shown by the dotted curve and relates to the upper x-axis. which is normalised to the pump
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Fig. 4. A ray tracing diagram corresponding to the ionospheric conditions prevailing at 1732
UT on 2/ February 1999 assuming a horizontally uniform ionosphere. The calcu-
lated ray paths are shown for a range of incident angles to the zenith. The HF
reflection altitude (dotted line) is 244.9 km and the upper hybrid resonance height
(dashed line) is 240.5 km. The orientation of the pump wave E-vector is shown by
the arrows for the upper hybrid resonance height. The direction of the magnetic
field line passing through the HF facility is shown by the dash-dotted line. The
ionospheric electron density profile is shown by the curved dotted line and relates to
the upper x-axis, which is normalised to the pump frequency of 4.04 MH:.

frequency of 404 MHz. The critical frequency was 4.8 MHz.  All rays within the Spitze
cone (£ 6° at Troms@) reach the maximum reflection altitude, as expected. By definition,
the Spitze angle is the critical zenith angle for which an O-mode wave still reflects at the
maximum altitude (Rietveld et al., 1993). For greater zenith angles the O-mode reflection
altitude decreases, which is generally expected to reduce the occurrence of artificially
stimulated plasma instabilities. Leyser et al. (2000) suggested that upper hybrid turbu-
lence might be the mechanism for producing artificial aurora. Maximum coupling
between the pump electromagnetic wave and upper hybrid electrostatic waves occurs when
the pump wave electric field vector is perpendicular to the magnetic field line direction.
This occurs at the UHR height approximately for the 6" southward ray upward leg and the
9" northward ray downward leg. We note that the 6" southward ray corresponds to the
observed position of the artificial aurora. However, no optical emission is observed for
the 9" northward ray position. This may be due to the fact that the northward ray has
undergone reflection before meeting the condition for optimum coupling and will have lost
strength due to absorption and conversion to other wave modes at reflection (e.g. Langmuir
waves). In addition, the 9° northward ray is more than 3 dB weaker compared to the
zenith (pump beam width = 15°). Hence, this ray is probably too weak to produce an
observable optical emission. This reasoning will be tested in future by scanning the pump
beam poleward.

The ray tracing and artificial aurora displacement are both consistent with the
observed CUTLASS backscatter. The FAI, which coherent HF radars need for backscat-
ter, are stimulated by electrostatic waves, which are most efficiently generated at the UHR
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height where the pump wave electric field vector is perpendicular to the magnetic field.
This condition is met for the ray path approximately 6° south of zenith. The large area
of FAI produced by O-mode pumping is due to the fact that a significant component of
the pump wave electric field vector is perpendicular to the magnetic field over a large area
at the UHR height. The very much smaller area of the optical emission implies that only
the most efficient coupling will produce an observable artificial aurora. The ray tracing,
artificial aurora displacement and CUTLASS backscatter all provide evidence that the
mechanism of electron acceleration, leading to the HF induced optical emission, may be
linked to upper hybrid turbulence.

3. Conclusions

High-latitude HF induced artificial aurorae appear displaced equatorward towards the
magnetic field line direction despite pumping in the local zenith. This effect was first
noted on 21 February 1999 by Kosch et al. (2000a), was confirmed on 18 March 1999
(Pedersen and Carlson, 2001), and can be seen in the data from 16 February 1999
(Gustavsson et al., 2001). On 21 February 1999, equatorward meridional F-region ion
drifts and neutral winds do not exceed 150 m/s and hence cannot explain the displacement
of the optical emission. Dynasonde backscatter also comes predominantly from the
region where the optical emission is observed. The reason for this is unknown. Large
HF coherent radar backscatter enhancements are associated with the production of artificial
aurora. Ray tracing suggests that the optical displacement may be related to the mecha-
nism for producing field-aligned irregularities, which the HF coherent radars require for
receiving backscatter. This would be consistent with upper hybrid turbulence as a
possible mechanism for the artificial aurora. However, details of the mechanism for
particle acceleration, which is necessary for production of the optical emission, remain
unclear. In addition. the altitude of the artificial aurora is shown to be well below the HF
reflection altitude and upper hybrid resonance height of the pump wave.
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