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Abstract
We present first incoherent scatter radar observations of systematically recurring, HF
enhanced ion line spectra at the topside F-region ionosphere, during magnetic field
aligned HF pumping in an O-mode polarization. The EISCAT UHF radar was di-
rected in magnetic zenith on the 9th, 10th and 11th in March 2016 while stepping the
pump frequency across the double resonance of the 4th harmonic of the electron gyro
frequency and the local upper hybrid frequency, in a 3 minute on, 3 minute off pump
cycle. Top- and bottom- side enhancements occur at the respective plasma resonance
altitude and seem to be asymmetrically conditioned by the relative proximity of the
pump frequency to the double resonance frequency. Further, the topside HF induced
ion line enhancements predominantly appear while the pump frequency is just below
the double resonance frequency and only simultaneous to strong bottomside enhance-
ments. A powerful, high frequency radio wave in O-mode, transmitted in the direction
of magnetic zenith is reflected a few kilometers below the plasma resonance altitude,
where the pump frequency is equal to the local plasma frequency, on the bottomside
F-region in the ionosphere. Transionospheric propagation of the pump wave outside
the radio window can be facilitated by density striations in the plasma and we consider
in detail, the possible mechanisms proposed for propagation outside the standard radio
window.

1 Introduction

A high power, high frequency (HF) O-mode radio wave with frequency lower than
the peak ionospheric plasma frequency can drive a number of processes when it reaches
the ionosphere. Depending on the power and polarization of the HF wave and the local
plasma parameters, these include generation of small scale density depletions [e.g. ??],
enhanced electron temperatures [e.g. ??], stimulated electromagnetic emissions (SEE)
at frequencies around the pump frequency [?, and references therein] and enhanced
optical emissions [e.g ???]. Many of these responses vary in magnitude and character
when the pump frequency, fHF , varies, especially so when fHF is close to a multiple,
n, of the electron gyro frequency, fg, in the upper hybrid resonance layer. A vertically
propagating, O-mode polarized pump wave has a reflection point, or cut-off, when it
reaches an altitude where its frequency is equal to the local plasma frequency, fP . Due
to refraction in the ionosphere, rays at angles larger than the Spitze angle (Equation
??) will reflect at slightly lower altitudes [?]. Signatures of pump wave propagation
beyond the reflection height to higher altitudes and regions of higher plasma frequency
and density was first observed in ionograms [?]. In incoherent scatter radar (ISR)
measurements, effects of the HF pump wave above the O-mode reflection height were
first observed at mid-latitudes [?] and later at high latitudes [?]. For this to occur,
certain conditions have to be met.

An O-mode pump wave propagating in a strictly field aligned direction, k‖B0

and k⊥ = 0, is a left hand circular polarized (LHCP) wave, and at the point where
fp = fHF , it can pass trough a narrow (∼ 1◦) radio window [?]. This limiting case of a
wave that is strictly field aligned, is known as an L-mode wave [?]. For altitudes where
the pump frequency is higher than the local plasma frequency, fHF > fp, the wave
is in LHCP O-mode with the corresponding dispersion relation, while for altitudes
where the pump frequency is lower than the local plasma frequency, fHF < fp it is
a LHCP X-mode wave (see Figure 1 in ?). The X-mode branch of the L-mode wave
is also known as the Z-mode [?], but the Z-mode usually refers to all wave vectors
from parallel to perpendicular to the magnetic field. The standard radio window for
an O-mode pump wave is at the Spitze angle,

sin(θc) = sin(α)

√
Y

1 + Y
(1)
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with Y =
fg

fHF
and α is the angle of the magnetic field from vertical, in a horizontally

stratified ionosphere [?]. The Spitze angle is that angle of incidence for which an O-
mode wave, transmitted from the ground, has refracted to being magnetic field aligned
(k ‖ B0) when reaching the plasma resonance height. At the European Incoherent
Scatter (EISCAT) facility in Tromsø the radio window is between θc = 5◦ − 6◦ south
from vertical, depending on the pump frequency [?].

Four possible mechanisms for propagation of a pump wave beyond the reflection
height, outside of this narrow radio window, have been proposed. The first is the
introduction of new artificial radio windows by large scale density striations in the
ionosphere that guide an O-mode wave such that the transmission conditions are met
outside the standard radio window [??]. Such density ducts, with horizontal scales on
the order of a kilometer, can exist naturally [e.g. ??] or can be efficiently generated by
the O-mode HF pump wave [????, and references therein]. If the propagating wave
does not encounter the L-mode cut-off at,

fHF = fL = −fg
2

+
1

2

√
f2g + 4f2p (2)

after passing through a radio window, it continues propagating to higher altitudes and
can reach the topside ionosphere [??], and continue to propagate into space [?].

The second mechanism, is a resonant scattering process of the pump wave on
small scale, field aligned, density irregularities [?]. Here, the incident O-mode pump
wave can efficiently be transformed in to a Z-mode wave as a result of scattering on the
field aligned striations at the bottomside ionosphere. As the propagating wave reaches
the topside, several turbulent processes may occur and transform the wave to O-mode
and electrostatic waves at this altitude. The small scale density striations are strongly
excited by the resonance instability [?] and models for their nonlinear stabilization
have been obtained [??].

? has simulated a propagation process for low duty-cycle experiments, mini-
mizing the effect of density irregularities, with vertically propagating O-mode waves.
Here, the incident O-mode wave is efficiently converted to Z-mode waves within a
few milliseconds, due to Langmuir turbulence, at the reflection altitude. The Z-mode
wave will propagate to higher altitudes and reach the topside reflection altitude. This
mechanism is effective only for low duty cycles and pump waves that reach the res-
onance altitude, and thus not a probable explanation for the observational results of
our experiment.

A fourth mechanism for producing topside enhancements at mid latitudes [?]
has been proposed by ?, in which resonant electrons at the bottomside, exited by the
pump wave, carry the plasma oscillations to the topside ionosphere. We consider this
effect to be unlikely for our observations due to the large distance between the top
and bottomside ionosphere. Neither thermal- nor photo- electrons have a long enough
mean-free-path length (∼ 4, 2.5 and 10 km at 220 km for 1, 10 and 100 eV, respectively)
to reach the topside F-region with flux modulated by the pump frequency, at the
bottomside ionosphere resonance altitude.

Enhancements of the backscattered power in the ion- and plasma- lines of ISR
measurements in the ionosphere, due to high power HF wave pumping have been
observed many times [e.g. ??????]. ? reported ion-line enhancements at the top- and
bottom- side of the F-region observable during the first 10 second period after heating
on in magnetic zenith. During their experiment, topside HF ion line enhancements
(THFIL) were sporadically observed from one heating on pulse to the next. In 1997, ?
performed a second experiment where THFIL were clearly seen in the data from both
the UHF and VHF radar at the EISCAT site in Tromsø. Again, observations showed
clear THFIL and the the authors attribute the observations to a coupling of the O-mode
wave to the Z-mode at the altitude where fp = fHF and the pump wave is parallel
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to the magnetic field, k ‖ B0, that is, the radio window. ? suggested the resonant
scatter process of the pump wave, facilitating a conversion from O-mode to Z-mode
waves on small scale field aligned irregularities as the cause for these observations. ?
also suggest that L-mode propagation through heater induced radio windows can not
be ruled out as an explanation for the ? observations. In an experiment studying the
angular extent of the radio window in 2004, ? observed clear topside enhancements
during a low duty cycle (3.3 %), heating experiment pointed in a direction 9◦ south
of zenith. They present observations indicating the location of the bottomside radio
window to be around 7◦−8◦ south of zenith, arguing that this can be explained by a tilt
in the ionosphere, that was observed in the Dynasonde data during the experiment.
Interestingly they observe the equator ward, 2◦ − 3◦, displacement of the topside
enhancements relative to the bottomside radio window, first predicted by ?. Most
recently, ? presented possible evidence of L-mode propagation through the F-region,
where fOF2 > fHF , into space.

In this paper we present first observations of systematically occurring HF-enhanced
ion line spectra from the topside ionosphere when stepping through the fourth electron
gyroharmonic frequency. During a heating experiment on March 9th, 10th and 11th

2016 at the EISCAT facility near Tromsø, Norway, clear THFIL from the F region were
observed in 33 out of 90 heating on pulses. The HF pump frequency of each on pulse
was stepped through the 4th harmonic of the electron gyro frequency. Observations of
the natural ionospheric Langmuir waves, enhanced by photo electrons during daytime
conditions, in the plasma line spectra of the UHF radar have been used to calculate
the electron density giving the critical plasma frequencies in the ionosphere with an
unprecedented accuracy. This allows us to determine that THFIL occur in the plasma
resonance region where, fP = fHF , in the ionosphere. A gyro harmonic effect of the
THFIL and bottomside ion line enhancements (BHFIL) was detected, when the pump
frequency was near the double resonance of the local upper hybrid frequency and the
fourth harmonic of the electron gyro frequency. The upper hybrid resonance region
has been studied extensively and the ’double resonance’ frequencies of the different
electron gyro harmonics have been shown to be of great importance and is the focus
of a large body of research [see for example ???????????, and references therein].

We present the first observations of topside HF-enhanced ion line spectra, as
well as first experimental results of a gyro harmonic effect of the enhancements. All
topside enhancements are compared and analyzed in the context of the critical plasma
frequencies in the ionosphere.

2 EISCAT Heating and UHF radar

On March 9th, 10th and 11th 2016 EISCAT Heating [?] was operated in a 3-
minute on, 3-minute off cycle, transmitting LHCP HF radio waves in the magnetic
zenith direction, which upon reaching the ionosphere have most of their energy in
the O-mode. The experiments were conducted during quiet geomagnetic daytime
conditions from 10:00 UT to 13:00 UT on all three days. During the 3 minute on
pulse, the pump frequency, fHF , was kept constant for 1 minute, then increased in
steps of 10 or 20 kHz every 10 seconds for 2 minutes. The pump frequency was chosen
such that it was stepped through the ’double resonance’ of the local upper hybrid
frequency, fuh, and the fourth harmonic of the electron gyro frequency, 4fg,such that
the condition

fHF = fuh = 4fg (3)

was met at some point in the bottomside ionosphere, during the frequency stepping.
Here f2uh = f2g + f2p . The effective radiated power (ERP) on March 9th was 359 MW
at 5.35 MHz O-mode heating with 12.5 MW X-mode ’leakage’ and a beamwidth of
7.0◦ in the north-south plane. On March 10th the ERP of the heater was 330 MW at
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Figure 1. Schematic of the experiment setup. Red and blue lines illustrate the altitude profile

of the local upper hybrid- and plasma frequency, respectively. Pink diagonal lines show harmon-

ics of the electron gyro frequency while the green shaded area indicates the frequency range in

which the HF pump wave stepped.

5.35 MHz, with a beamwidth of 7.2◦, while on March 11th, the ERP was 363 MW at
5.42 MHz, and the beamwidth was 7.07.2◦.

A schematic of the experiment setup is shown in Figure ??, where the red and
blue line illustrate the altitude profile of the upper hybrid and plasma frequency. Gyro
frequency harmonics are sketched in pink and the frequency band in which we step
the HF pump wave is shown in green to give an overview of important frequencies
involved in the experiment and their relation. From this illustration we see that for
a portion of each 3 minute on pulse the pump frequency will be just below and just
above the double resonance frequency, as we step through it by increasing the pump
frequency.

The ionospheric response of the HF modulation wave was observed using the
co-located EISCAT UHF radar, also pointing in the direction along the local magnetic
field. The IS-radar measurements were done with the ’beata’ program [see ??, and
references therein]. Only lags out to 410µs are computed, which gives a frequency
resolution of 2.4kHz. Range gates are computed from 49 to 693 km of range, with 5s
temporal resolution and 3km range resolution. In addition, the plasma line is sampled
at 0.4µs, covering a 2.5MHz wide band offset from the transmit frequency by 8.4, 6,
and 3.4MHz, and covering ranges from 107 to 374 km. During the experiment strong
backscatter from the natural existing Langmuir waves in the ionosphere were observed,
mostly in the −6MHz band of the downshifted plasma spectra.
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Figure ?? shows summary plots of the experiment and results from 10:00 UT
to 13:00 UT for March 9th (top), 10th (middle) and 11th (bottom) 2016. The upper
panel for each day shows the electron temperature modulated by the HF pumping.
The response in the backscattered power of the ion line is shown in the second panel.
Arrows indicate some, but not all, examples of the strongest THFIL backscatter we
observe, that are apparent even in these overview figures. In the bottom panel the
heating on/off times and frequency are shown. Blue dots indicate all HF pump pulses
where clear topside ion line enhancements are found during the analysis. Several
plasma line spectra are observed, where strong enhancements at different frequencies
and altitudes, coincidental with the HF pump wave. These are not discussed in detail
in this paper.

3 Determination of electron density from plasma line frequency spec-
tra

From the downshifted UHF power spectra it was possible to identify the frequency
of peak power from the backscatter of natural Langmuir waves in range gates from
about 180 km to 320 km. This made it possible to obtain an accurate estimate of the
electron density. From the Langmuir wave altitude profile we calculate the electron
density, adapting the relevant parts of the method for temperature determination
from plasma line observation described by ?. Solving the dispersion relation for the
downshifted plasma line, f−, for the density, Ne we obtain the physically relevant
solution:

Ne =

(
meε0
q2

)[
−y +

√
y2 − 4xz

2x

]2
(4)

where

x =
1

2π
+

3Te
4meπc2

, y = f− −
6Tef0
c2me

, z =
12πTef

2
0

c2me

where f0 is the UHF radar frequency and c the speed of light. Te and me are the
electron temperature and mass respectively.

We used standard ISR parameters estimated from 30 second integrated ion line
data for the electron temperature, necessary for these calculations. Although the
altitude resolution of this electron temperature data is the same as for the estimated
electron density parameter, obtained from the ion line, Ne is weakly dependent on
Te. Thus Te only contributes with a small correction term to Ne in Equation ??.
The densities obtained from this calculation are used to calculate O-,X- and L-mode
cut-off frequencies and the plasma- and upper hybrid- frequency, which are used in the
analyses presented in this paper.

An example of one-minute integrated and low-pass-filtered, plasma spectra from
100 km to 340 km, between −7.25 MHz and −4.75 MHz, on March 11th 2016 at 10:22
UT are shown in Figure ??. The green line indicates the calculated curve fit to the
signal of the natural Langmuir waves. Backscatter from the natural Langmuir waves
are clearly visible for 80-90 km in altitude around the F-layer maximum frequency,
around 280 km. Weaker backscatter from these is distinguishable well above the back-
ground noise, also for altitudes down to around 220 km and up to around 320 km, for
this time interval. For most spectra from this experiment, the range where a clear
power enhancements from Langmuir waves was detected, was between 180 km and
320 km and for frequencies below −5.25 MHz. The curve fit in frequency and altitude
is obtained from signals where the power enhancements are 5 standard deviations or
more above the mean noise level, at that altitude.
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Figure 2. Electron temperature (top), backscattered ion line power (middle) and pump

frequency (bottom) for March 9th, 10th and March 11th 2016. Blue dots in the bottom panels

indicate heating pulses during which topside ion line enhancements are observed. Black arrows

highlight some, but not all, enhanced backscatter in the ion line power at the topside ionosphere.
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Figure 3. Example of a one-minute integrated and low-pass-filtered plasma line spectra data

from March 11th 2016 at 10:22 UT, used to calculate a curve fit to the natural Langmuir wave

enhancements. Blue circles indicate signals that are 5 standard deviations above noise level, used

to find the fit shown in green.

Previously, the electron densities have been obtained from ion-acoustic waves
detected in the ion line spectra of the EISCAT radar. The altitude resolution obtained
through this method decreases with height and is ≈ 20−25km around 150−350km and
hence the accuracy and precision of the densities calculated from these, is restricted.
In Figure ?? we compare the altitude profile of the electron density as calculated
from the ion and plasma line on March 11th 2016 at 10:17:00 UT. The red shaded
area indicates one standard deviation for the ion line density data as calculated from
the same time interval as was used for the curve fit to the natural Langmuir wave
enhancements in the plasma line. The blue shaded area indicates the uncertainty of
the electron density calculated from the plasma line. This uncertainty was obtained by
combining one standard deviation for the temperature, σTe, with an assumed frequency
uncertainty, σf , of 20 kHz, which corresponds to the mean half width, half maximum of
the power enhancement signals of the plasma line. Comparing the altitude resolution
and the calculated accuracy of these, as in the example in Figure ??, it is clear that
the densities calculated by this method, from the natural Langmuir wave signatures
observed in the plasma spectra, improve our results significantly for the altitudes where
naturally enhanced plasma line data is available.

4 Data analyses and results

We now look at the observations made by the UHF radar during the frequency
stepping of the pump wave, focusing only on the 3-minute on pulses where we observe
topside enhancements of the ionline spectra. Clear topside enhancements were detected
during 33 heating on pulses on March 9th, 10th and 11th 2016. The examples of the
enhancements on the topside ionosphere shown in the following section, are all from
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Figure 4. Altitude profile of electron density calculated during heating off from the ion line

and plasma line spectra obtained from the UHF EISCAT radar on March 11th 2016 at 10:17:00

UT. The red shaded area shows the 1σ uncertainty level for the ion line density calculations,

while the blue area shows the reasonable uncertainty for the electron density as calculated from

the plasma line
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Figure 5. Example of an ion spectra showing topside enhancements on March 11th at

12:49:20 UT (left). The top and bottom panel on the right show the line spectra at the altitude

of the strongest enhancements for the top and bottomside ionosphere, respectively.

separate heating on pulses, in order to emphasize and demonstrate the systematic
occurrence of the THFIL with respect to the double resonance frequency.

Figure ?? shows a typical example of the ion line enhancements from 12:49:20
March 11th at the instant during the on pulse where the topside enhancement is the
strongest. The figure shows the first published observations of the THFIL spectra.
The left panel shows an instant in time, of the backscattered power in the ion spectra
range, where the bottom and topside enhancements are clearly visible during HF
pumping. The upper and lower right panel show line plots, of the same spectra as in
the left panel, at the altitude of the strongest enhancement for the top- and bottom-
side, respectively. Note that the scales of the line plots for the top- and bottom-
side enhancement are different, and that the backscattered power from the topside is
weaker by an order of magnitude. We observe this difference in backscattered power
for most pulses. Signatures of the natural ion line spectra are seen at all altitudes. To
isolate the HF-enhanced backscatter, the natural ion line backscatter is calculated from
a 1 minute heating off period immediately before start of a new heating on period,
and subtracted from all ion spectra in the following 3 minutes of heating on. This
background subtraction is done for all following ion spectra presented here.

Figure ?? shows the temporal evolution of the mean, 5 second integrated, ion line
power during the on pulse starting at 12:18:00 UT on March 11th. The transmitted
pump frequency is indicated in blue in the lower panel along with the frequency of the
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Figure 6. The time evolution of the averaged back-scattered power in the ion line spectra

for one 3-minute on pulse from March 10th at 12:18 UT. The bottom panel shows the pump

frequency and double resonance frequency.

double resonance in red. The overshoot effect [?] is apparent in the first 5 seconds of
the heating on period. Starting at 12:19:20 UT in the 213 km altitude range gate, the
BHFIL is clearly seen until 12:20:35 UT where the strongest enhancement is in the
222 km altitude range gate. The topside enhancement, for this pulse, appears weakly
first at 12:20:05 UT at 316 km and is visible for 30 seconds until 12:20:35 UT, where
it is strongest at 310 km. The altitude resolution of the radar in this experiment is
around 3 km so the respective decrease and increase in the altitude of the strongest
THFIL and BHFIL, corresponds to 3 and 2 steps in altitude. That is ∼9 and ∼6 km,
respectively. The increase and decrease of altitude of the enhancements is consistent
with the respective increase and decrease of the resonance altitude, where fP = fHF ,
as we step the pump frequency up during the 3 minute pulse, and we observe this
in most pulses. At the time of the appearance of the first bottomside enhancement,
the pump frequency is 5.36 MHz. At 12:20:40 UT, where both top- and bottom- side
enhancement abruptly disappear the pump frequency is 5.5 MHz after having been
stepped every 10 seconds in 20 kHz increments. A second bottomside enhancement
appears at 12:20:45 UT in the 210 km range gate and lasts for 15 seconds before the
pump is turned off.

Four further examples, out of the 33 pulses with clear THFIL observations, are
shown in Figure ??. All left hand plots show the altitude profile of the critical frequen-
cies, fp, fUH , 4fg and the L-mode cut-off frequency (Equation ??), calculated from
enhanced backscatter from natural Langmuir waves observed in the plasma line of the
radar (see section ??). The green number towards the bottom of the plot, indicates
the pump frequency at this instant. The corresponding right plots, as in Figure ??,
show the temporal evolution of the mean backscattered power from -15 kHz to 15 kHz,
in the ion line for the 3 minute HF on period, with the time indicated on the x axis.
The vertical green line indicates the time of the strongest backscatter from the THFIL,
to which the left plot corresponds for each pulse.
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Figure 7. Four examples of 3 minute pulses where we see clear topside enhancements. The

left plot in each panel shows the critical frequencies calculated from the observed natural Lang-

muir waves. The blue line indicates the L-mode cut-off (Equation ??), the red is the local plasma

frequency, purple shows the fourth harmonic of the electron gyro frequency while the green ver-

tical line indicates the frequency of the transmitted O-mode pump wave. Right panel shows the

5 second mean backscattered ion line power during a 3 minute on pulse. The vertical green line

indicates the time corresponding to the left panel plot.
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For all 33 pulses with identified THFIL we see consistent responses. This is seen
in Figure ?? where we compare the normalized backscattered power of all data points
of the 33 pulses, at the altitude of the strongest BHFIL and THFIL. We relate this,
to the difference between the pump frequency and the double resonance frequency,
that is, how close the HF pump frequency is to the double resonance. Negative values
indicate an HF pump just below the double resonance frequency. BHFIL are shown
in violet, while the THFIL are orange. The mean of these observations is shown by
the solid lines in the same color coding. Comparing these and illustrated by the four
pulses shown in Figure ??, we observe the following similarities for THFIL:

• Signatures of the overshoot effect are easily identified in the first 5 second inte-
gration period after heating on, as seen in the four right hand plots of Figure
??.

• After the overshoot with the pump frequency still kept constant, very little or
no enhancement of backscattered power is seen.

• As the HF pump frequency is increased throughout the pulse the BHFIL in-
tensity increase until they reach a maximum and decrease significantly, then
disappear completely (Figure ??).

• Simultaneous to the increase in the BHFIL we observe clear enhancements at
the topside ionosphere.

• The strongest backscatter from the THFIL coincides with the strongest backscat-
ter from the BHFIL.

• For the two pulses shown in the bottom panels of Figure ?? we can recognize a
THFIL also before the strongest BHFIL, while for the two pulses in top panels
the THFIL seems to appear simultaneous to the strongest BHFIL.

• A decrease and increase of altitude of the THFIL and BHFIL, respectively,
is clearly visible in the figure and corresponds to the increasing altitudes of
resonance for increasing fHF .

• Comparing this observation to the left plots of Figure ??, which all show the
critical frequencies calculated for the instant at which the strongest THFIL is
observed, in all panels, we see that the BHFIL and THFIL occur close to the
altitude where the HF pump frequency (green) is equal (or close to) the the
local plasma frequency fP (red) at the top- and bottomside ionosphere.

• The second BHFIL, appearing at lower altitudes, is seen for all of the shown
pulses after the main BHFIL.

The electron density at altitudes from 200 km to 340 km, for the duration of the
experiment on all three days is shown in Figure ??. As for Figure ??, the density is
calculated as described in section ??. Blue bars show the altitude and time of the
BHFIL and THFIL for all pulses where THFIL where observed. The white contour
in these three figures indicates where the L-mode cut-off frequency (see Equation ??)
is 5.4 MHz and is intended to give an indication of when the cut-off frequency was
close to or at the pump frequency. In the bottom panels for all days in Figure ?? we
have marked this frequency, for comparison to the pump frequency, by the dashed line.
For three heating on pulses with observed THFIL (March 9th at 10:30 UT and March
10th at 12:18 UT and 12:24 UT), the pump frequency is below the L-mode cut-off
for the beginning of the pulse. As we step the pump frequency up, it increases above
the local L-mode cut-off frequency towards the end of the heating pulse, permitting
trans-ionospheric propagation. It is nevertheless evident in Figure ?? that THFIL
are generally only observed when the L-mode cut-off is sufficiently low, that is, below
the frequency at which the pump wave can propagate as an L-mode wave without
encountering a cut-off. In this figure we also see that the altitude of the observed
BHFIL and THFIL fluctuates with the observed density variations on all three days.
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Figure 8. Comparison of all 33 heating pulses. Backscattered ion line power relative to the

difference of the pump and double resonance frequency. Topside enhancements are shown in or-

ange while bottomside enhancements are shown in purple. The superposed lines show the mean

of the observation.

The altitude of the observed enhancements and the altitude of the resonance
heights, fp = fHF at the top and bottomside ionosphere, obtained from the calcula-
tions discussed in Section ??, are shown in Figure ??. The altitude of data points,
where the normalized backscattered power is stronger than 0.6, is compared to the
altitude of the resonance height, at that time, for the THFIL and BHFIL separately.
It is clear from the figure that the enhancements at both altitudes occur at or close to,
their respective resonance heights. Mean errors of ±4 km and ±6.6 km, indicated in the
figure, for the bottom- and top- side altitudes, respectively, are due to the uncertainty
in the plasma line fit and the difference in temporal resolution of the plasma line fit
and the ion line spectra. The discrepancy in the temporal resolution also accounts for
the slight negative trend of the altitude differences.

5 Discussion

We present the first observations of THFIL spectra from EISCAT UHF radar
measurements during HF modulation experiments. The EISCAT Heating facilities
transmitted a LHCP electromagnetic wave into the ionosphere directed in magnetic
zenith, in a 3 minute on, 3 minute off cycle while stepping the pump frequency across
the double resonance frequency at the fourth gyroharmonic. The different aspects of
the observations are discussed systematically in the following.

5.1 Appearance of THFIL

33 cases of THFILs are clearly identified in our observations during HF-pumping
with frequency stepping through the double resonance frequency. In Figure ?? the
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Figure 9. Electron density (color) calculated from the UHF plasma line observations of the

naturla Langmuir wave enhancements on March 9th, 10th and 11th 2016. A white contour in-

dicates the superposed L-mode cut-off frequency of 5.4 MHz and the altitude and occurrence of

BHFIL and THFIL for pulses where THFIL are observed are shown by blue bars.
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Figure 10. Comparison of the altitude of the appearance of the THFIL and BHFIL above

0.6 NBP in the ion line spectra, and the altitude of the plasma resonance, fP = fHF as calcu-

lated from the plasma line. The mean error of ±4 km for the bottomside and ±6.6 km, for for the

topside, for all points is indicated in the legend.
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altitude of the THFIL and BHFIL for all 33 pulses are indicated. It is clear that no
THFIL are observed when electron densities are high enough, such that there is a
cut-off for the L-mode waves at fHF . We see that the altitudes of both the THFIL
and the BHFIL match the plasma resonance altitude of fP = fHF .

As apparent, from Figure ??, there are a number of heating on pulses (14) on
March 10th and 11th, where no THFIL are observed, even though the L(Z)-mode cut-
off frequency is lower than the pump frequency. On March 10th the L(Z)-mode cut-off
frequency is below the double resonance frequency, from 11:30 UT to 11:51 UT, but
only for the last (starting at 11:48 UT), of the four on pulses transmitted during that
period, do we observe topside enhancements. Comparing the electron temperature
during this period, shown in the middle panel of Figure ??, we see no temperature
enhancements during these heating pulses. However, we do see an increased backscat-
tered power in the ion line around 100 km altitude, in the middle panel, possibly due to
E-region absorption. As a result of partial absorption at lower altitudes, less HF-wave
power reaches the F-region and we observe very weak or no BHFIL for those three
pulses.

On March 11th, eleven HF pulses were transmitted (10:00, 10:12, 10:36, 10:42,
10:48, 11:00, 11:36, 11:42, 11:48, 12:18 and 12:54 UT), where no THFIL were observed.
For four of these (10:12, 10:42, 11:36, 12:18 UT), faint traces of THFIL can perhaps be
detected. However, these were very weak and below the threshold we set for THFIL
and were thus not included in our analysis. Noticeably the backscattered power of the
ion line and temperature modulations (see bottom panels Figure ??), on the bottom-
side ionosphere for these four pulses was much lower than for pulses with observed
THFIL enhancements. For the pulses at 10:36, 11:00, 11:42 and 11:48 UT we observed
significantly weaker BHFIL than for pulses with THFIL. The electron temperature
enhancements shown in Figure ??, during these pulses are also lower then for other
pulses. Figure ?? indicates that THFIL primarily occur simultaneously to the BHFIL
enhancements. It seems likely that there exists a threshold that has to be exceeded,
such that a large enough fraction of wave energy can propagate beyond the bottomside
reflection height and that this was not achieved during the pulses where the BHFIL
were weak.

For the absence of the THFIL enhancement in the remaining three pulses, there
are several possible explanations. The lack of a THFIL from the HF pulses starting
10:00 and 10:48 UT on March 11th are particularly interesting as they had an initial
frequency of 5.42 MHz closely matching our estimate of the double resonance frequency
for that time. For the pulse at 10:48 UT we initially observe clear BHFIL for one
minute, but no THFIL. For the pulse at 10:00 UT, no HFIL at any altitude was
observed until the pump frequency was well above the double resonance.

Generation of density striations is significantly reduced for HF-pumping at the
double resonance frequency. If propagation to the topside ionosphere is facilitated by
small- or large- scale density striations in the ionospheric plasma, generated by the
pump wave, then no THFIL are expected for this pulse. This could indicate that some
period of heating on, at a frequency where small- or large-scale striations are effectively
generated, is necessary prior to pumping at the double resonance frequency, were less
wave energy is absorbed by turbulent upper hybrid processes such that the wave can
propagate further. Further experiments are required to clarify this.

For the last HF pulse transmitted on March 11th at 12:54 UT, the electron density
in the ionosphere had decreased such that the double resonance frequency was below
the lowest pump frequency.
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5.2 Evolution of THFIL

Four conclusions can be drawn from Figure ??:

1. Enhancements are observed when the pump frequency is between ∼ 80 kHz
below the double resonance frequency to ∼ 9.8 kHz above the double resonance
frequency.

2. All pulses have a similar development of the enhancements in relation to the
relative proximity of the HF pump wave to the double resonance.

3. BHFIL are stronger than THFIL, sometimes up to a order of magnitude.

4. THFIL predominantly occur when we observe BHFIL.

A likely interpretation of the development of the observations is the following.
During the first 5 seconds after heating on we observe the overshoot effect in all pulses,
consistent with previous observations [e.g. ???], which is rapidly suppressed within a
few seconds , as the HF wave energy is absorbed through other processes [?]. Small
scale field aligned striations are generated within a few seconds, as the HF pump wave
is converted to UH electrostatic waves perpendicular to the geomagnetic field, at the
upper hybrid resonance height [?]. Throughout this process no, or very little, enhanced
ion acoustic or Langmuir waves are observed as most of the pump energy is absorbed
by upper hybrid turbulence, leading to the formation of the density striations [e.g. ??],
and significantly less reaches the resonance altitude.

As a result of the linear dispersion properties of upper hybrid waves around har-
monics of the electron gyro frequency, the growth of striations diminishes as the HF
pump approaches the double resonance frequency [????]. The HF-pump energy can
then be guided by the density irregularities and reach the resonance altitude, where
coupling to Langmuir and ion acoustic waves is possible. This manifests itself, in
the presented data, in the increase in ion line backscattered power on the bottomside
ionosphere as the HF pump frequency approaches the double resonance. The enhance-
ments increase while approaching the double resonance and abruptly disappear when
the HF pump frequency increases beyond this, mirroring the asymmetric properties
of the upper hybrid mode about the double resonance. Although the backscattered
power of the THFIL is significantly less than that of the BHFIL, the THFIL show the
same behavior as the BHFIL on approach of the double resonance as is seen in Figure
??.

5.3 Position and altitude of the THFIL

As mentioned, there are two possibilities proposed for propagation of the incident
wave to the topside ionosphere. The wave can pass through a radio window [?], or
the wave can be be transformed into a Z- mode through the resonant scatter process
?. While artificial, heater induced radio windows can exist at multiple angles [?], the
standard radio window in a horizontally stratified ionosphere is located at the Spitze
angle, around ∼ 5− 6◦ at EISCAT depending on the pump frequency [?].

Both the heater and the UHF radar were pointed in the magnetic field aligned
direction, at 12◦ south of zenith, for our experiment. This is well outside of the
standard radio window at ∼ 6◦ at EISCAT. The heating beam at full width, half
maximum (FWHM) for this experiment was ∼ 7◦, such that angles from ∼ 9◦ to
∼ 16◦ were effectively illuminated by the beam. ? report observations showing the
radio window appearing around 7◦−8◦ with a spatial extent of 2◦ and a corresponding
topside enhancement displaced further south by 2◦ − 3◦, appearing around 8◦ − 12◦

and with and angular extent of 2◦ − 3◦. As their experiment was run with a very
low-duty cycle (3.3%), minimizing the generation of pump induced striations, they
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attribute this southward displacement of the standard radio window to a local tilt in
the ionosphere.

The heating beam in our experiment does not extend far enough at FWHM, to
reach the radio window observed by ? at 7◦ − 8◦, but it is possible that parts of the
beam at lower ERP do extend to this angle and propagate though the radio window.
In this case the ionospheric tilt would have to be somewhat comparable to the tilt
observed by ?. Also, as we observe topside enhancements multiple times on three
consecutive days, any tilt during our experiment would have to occur systematically
on all days and for the duration of all pulses where we do observe THFIL, in the same
direction and with similar magnitude. In Figure ??, we see that the density varies
considerably throughout the 3 hours on all three days. Especially on March 10th and
11th, we see signatures of periodic electron density variations.. These variations are
on timescales on the order of 10 - 40 minutes, matching that of atmospheric gravity
waves or traveling ionospheric disturbances [?] .

During our experiment the THFIL seem to occur independent of tilt angle when
studying the five consecutive pulses on March 11th starting at 11:06:00 UT. Here, we
observe THFIL enhancement for every HF pulse while the electron density varies from
high, ∼ 4.3 × 1011 (lower altitude BHFIL), to low, ∼ 3.5 × 1011, and back to higher
density, possibly indicating a large scale TDI moving past the radar beam. During
that period the ionospheric tilt angle would vary between opposites. Based on these
considerations, we argue that it is unlikely that the propagation of the HF pump wave
to the topside ionosphere occurs though the standard radio window, but rather is a
result of one of the proposed mechanisms for propagation outside the radio window.

Supporting our interpretation of the evolution of the THFIL observations (see
Section ??), and consistent with simulations done by ?, Figure ?? and ?? show that
the altitude of both enhancements is at or close to the respective top- and bottom-
side plasma resonance altitude where fP = fHF . This is consistent with the shape
of the enhanced ion line spectra of which we show examples for one instant in time,
in the left panels of Figure ??. Two well developed shoulders are observed in the
ion line spectra at the altitudes of strongest enhancements of the top- and bottoms-
side ionosphere, at 278 km and 219 km, respectively. A prominent central feature
characteristic for the Oscillating Two Stream Instability (OTSI) [eg ??], is also visible
for both enhancements. We observe the corresponding enhancement just below the
pump wave frequency, in the plasma line spectrum at the bottomside ionosphere (not
shown).

5.4 Propagation outside the radio window

Both for Z-mode scattering [?] and L-mode propagation through artificial radio
windows [?], field aligned electron density striations are essential for wave propagation
outside the standard radio window. The resonant scatter process proposed by ? should
be effective when small scale density irregularities are present at the reflection height
of the pump wave. Small scale density striations, on the order of several meters, are
rapidly generated within a few seconds [?], by the pump wave itself and thus there is
no ’build-up’ time or very little delay from heating on to the possible occurrence of
THFIL. The characteristic time scales in the case of the L-mode propagation though
artificially generated radio windows depends on the temporal evolution of kilometer
scale density striations. The L-mode wave is guided by large scale density ducts that
can be generated by the pump wave. Generation of large scale density ducts is on the
order of minutes [?].

Considering, as an example, the four pulses shown in Figure ??, we see that the
two pulses from March 10th (top), are slightly different from the two bottom panel
examples from March 11th. The temporal evolution of the two top panels is consistent
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with the generation of large scale density striations facilitating L-mode propagation in
artificial radio windows [?], while the observations shown in the bottom panels are con-
sistent with the Z-mode scattering process [?]. If large scale density ducts exist before
heating on, possibly from a previous heating on pulse, L-mode propagation is possi-
ble immediately. As exemplified in Figure ??, it is not unambiguously clear which of
the two mechanisms is dominating from the observation made during our experiment.
However, the topside enhancements were the strongest for pump frequencies near the
double resonance (see Figure ??). It may be noted that for such conditions excitation
of small-scale density striations is suppressed [?]. This would thus also suppress the
scattering of the pump wave into the Z mode. As larger scale ducts have a longer life
time than small scale striations these may still facilitate guiding of the pump wave in
the L mode during the time near double resonance. Further, as the anomalous absorp-
tion of the pump wave is minimum at the double resonance [?], this may explain why
the THFIL are the strongest for such frequencies. Further experiments are needed to
study the physics involved.

6 Summary and Conclusions

We have shown systematically recurring ion line enhancements appearing at the
topside ionospheric plasma resonance altitude, in the polar ionosphere on the three
consecutive days, from March 9th to 11th 2016. These are the first observations of
HF-enhanced ion line spectra at the topside ionosphere. The enhancements present
evidence of radio wave propagation outside the standard radio window (∼ 6◦) during
O-mode, HF radio wave pumping along the local geomagnetic field (∼ 12◦). Stepping
the pump frequency across the double resonance of the 4th harmonic of the electron
gyro frequency and the local upper hybrid frequency, the enhancements seem to be
asymmetrically conditioned by the relative proximity of the HF-pump frequency to
the double resonance. THFILs predominantly appear while the HF-pump frequency
is just below or at the double resonance frequency and the L-mode cut-off frequency
is below the pump frequency. Approaching the double resonance frequency by the
HF-pump frequency, the backscattered power of the THFIL and BHFIL increases un-
til both enhancements abruptly disappear completely when the HF-pump frequency
is larger than the double resonance frequency. Further, the THFIL only appear si-
multaneous to strong bottomside enhancements. We have considered the possible
mechanisms proposed for radio wave propagation outside the standard radio window
in detail. However, further experiments are needed to determine the dominating pro-
cesses involved in HF pump wave propagation beyond the reflection height outside the
radio window.
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