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Abstract Enhanced ion line spectra as a response to magnetic field-aligned high frequency (HF)
pumping of the overdense polar ionosphere with left-handed circular polarization, can be observed at
the top and bottomside F-region ionosphere under certain conditions. The European Incoherent Scatter
(EISCAT) UHF radar was directed in magnetic zenith on October 18th and 19th, 2017 while stepping the
pump frequency of the EISCAT Heating facility both upward and downward across the double resonance
frequency of the fourth harmonic of the electron gyrofrequency and the local upper hybrid frequency, in
a 2-min-on, 5-min-30-s-off pump cycle. We present observations of two separate cases of topside HF-
enhanced ion lines (THFIL). THFIL simultaneous to bottomside HFIL (BHFIL), and conditioned by the
relative proximity of the HF pump frequency to the bottomside double resonance frequency, consistent
with previous observations (Rexer et al., 2018, https://doi.org/10.1029/2018JA025822) were observed for
HF pulses on 19th October. Recurring THFIL appearing after BHFIL have faded and conditioned by the
relative proximity to the double resonance frequency on the topside ionosphere, were observed on 18th
October. The THFIL are consistent with transionospheric propagation through artificial radio windows by
L mode guiding of the pump wave, facilitated by large scale density ducts present in the plasma.

1. Introduction

High power radio waves transmitted from the ground into the high-latitude ionosphere at frequencies be-
low the critical frequency, are reflected, at altitudes depending on the plasma density and the polarization
of the incident wave. Vertically propagating waves with an O mode polarization will reflect at the altitude
where the pump frequency, fur is equal to the local plasma frequency, fp. Pump waves in a horizontally

stratified ionosphere transmitted at the Spitze angle, defined by sin(6,) = sin(«) /%, where ¥ = J}i
+ G

and «a is the angle of the magnetic field, in the magnetic meridian plane, from vertical (Budden, 1980), can
pass through the radio window and continue to propagate to regions of higher plasma density and frequen-
cy (Mjolhus, 1990). Here f; is the electron gyro frequency. Pump waves transmitted at larger angles to the
vertical than the Spitze angle are reflected at progressively lower altitudes.

In this paper, we present observations of high frequency (HF) enhanced ion line spectra from the top and
bottomside ionosphere during magnetic field-aligned, high-power pumping of the polar ionosphere. El-
lis (1956) first observed ionogram signatures of pump wave propagation to altitudes beyond the O mode
reflection height. Subsequently Ganguly and Gordon (1983) and Isham et al. (1990) presented incoher-
ent scatter radar (ISR) measurements of HF modification experiments, showing effects of an HF pump
wave above the O mode reflection altitude, at mid- and high-latitudes, respectively. Several studies have
since reported ISR measurements showing effects of HF pumping above the reflection altitude of the ion-
ospheric F-region (Isham, Hagfors, et al., 1999; Isham, Rietveld, et al., 1999; Kosch et al., 2011; Rietveld
et al., 2002). Leyser et al. (2018) present signatures of transionospheric HF pump wave propagation into
space in CASSIOPE spacecraft data. The first consistently recurring topside HF enhanced ion line (THFIL)
spectra and their relation to pump frequencies close to the fourth gyroharmonic frequency were shown
by Rexer et al. (2018). Observations of THFIL from an experiment in 2013 were also reported by Borisova
et al. (2020).

An O mode wave, that is propagating strictly in a field-aligned direction is a left-hand circular polarized
(LHCP) wave for which the electric field rotates opposite to the electron gyro motion, known as an L mode
wave (i.e., Chen, 1983). The L mode dispersion curve follows the edge of the O mode dispersion surface
where k is parallel to B for fyr > fp and the slow X mode band dispersion surface for fp > fyr (see for example
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Figure 1. Example of a typical observation of case A topside high
frequency enhanced ion lines (THFIL). (a) The top left panel shows the
critical frequencies calculated from the observed natural Langmuir waves.
The blue, red and yellow lines indicate the L mode cutoff, the local plasma
frequency, and the local upper hybrid frequency, respectively. The purple
line shows the fourth harmonic of the electron gyrofrequency, while the
green vertical line indicates the frequency of the transmitted O mode
pump wave. On the right the 5-s mean backscattered ion line power, with
a 3 km altitude resolution, during a 2-min-on pulse is shown. The vertical
green line in the top right panel plot indicates the time to which the left
panel plot corresponds. (b) The four upper panels show the topside ion
line spectra and the bottomside ion line spectra with the frequency on the
vertical axis, for the two altitudes of the strongest THFIL (228 and 231 km)
and bottomside high frequency enhanced ion lines (199 and 202 km). The
bottom panel shows fyr and the top- and bottom-side fourth harmonic of
the double resonance frequency, corresponding to the panels above. Green
vertical lines indicate the time corresponding to the top left panel in (a) of
the critical frequencies.

Figure 1 in Nordblad & Leyser, 2010). The X mode branch of the L mode
is sometimes called the Z mode (Mjelhus, 1990). However, this usually
refers to all wave vectors at angles between the parallel and perpendicular
to the ambient magnetic field, whereas the L mode only refers to wave
vectors parallel and anti-parallel to the magnetic field. When mapped out
for all angles of k to B, the two wave modes form two dispersion surfaces
that connect at the Spitze angle when fr = fyr forming a radio window
(Mjelhus, 1990). A strictly field-aligned incident wave in the L mode
moves from one to the other dispersion surface at this point without a
change in polarization. At the EISCAT facility in Tromse, Norway, the
Spitze angle, is around 6, = 5°-6° south of zenith. An incident wave that
passes through a radio window in the L mode will continue to propagate
to higher altitudes and regions of higher plasma density and frequen-

1
cy until it encounters its cutoff at f;_., = —fTG + 5\/ fé +4 fpz (Leyser
et al., 2018; Mjolhus & Fl4a, 1984).

For an O mode wave transmitted in magnetic zenith in the high-latitude
ionosphere, propagating beyond the plasma resonance height, outside
the natural radio window is possible by two mechanisms. New radio win-
dows in the form of large scale density ducts, generated by small scale
density striations existing naturally (A. V. Gurevich et al., 1995) or created
by the pump wave (i.e., Eliasson & Leyser, 2015; A. Gurevich et al., 1998;
Istomin & Leyser, 2001), can guide the incident O mode wave into the L
mode at locations outside the standard radio window (Leyser & Nord-
blad, 2009; Nordblad & Leyser, 2010). Alternatively, resonant scatter on
small-scale field-aligned density irregularities can transform an incident
O mode pump wave to a Z mode wave in the region above the upper hy-
brid resonance layer, where f&,., = fé + fpz, close to the bottomside reflec-
tion altitude (Mishin et al., 2001). While L mode propagation through ar-
tificial radio windows (Nordblad & Leyser, 2010) is possible through large
scale density ducts, the Z mode scattering process (Mishin et al., 2001) is
facilitated by small scale density striations. Meter-scale density striations
are generated within seconds, while kilometer-scale density ducts form
in timescales on the order of minutes (Basu et al., 1997). The formation
of small-scale density striations also depends on fyr, and for fyr close to
multiples of the electron gyro harmonic frequency the generation of stri-
ations is greatly reduced (Honary et al., 1999). A mechanism for generat-
ing THFIL for a vertically propagating O mode wave has been proposed
by Eliasson (2008). They simulated a propagation process where an inci-
dent wave reaches the resonance altitude and efficiently converts to the
Z mode, for low duty-cycle experiments (2%), minimizing the effect of
density irregularities in an attempt to explain the observations by (Ish-
am, Rietveld, et al., 1999). In the present experiments the duty-cycle was
significantly higher (~26%) and the direction of propagation along the
magnetic field. Hence it is unlikely to explain our current observations.

In the following paper we present ISR observations forming two separate
cases of recurring THFIL during comparable ionospheric conditions and
HF pump schemes, from experiments on October 18th and 19th, 2017 at

the EISCAT facilities in Tromse, Norway. Strong THFIL occurred repeatedly while stepping fur through the
fourth harmonic of f; and a possible, previously undetected, relation to the topside double resonance fre-
quency of the local fyy and 4f; has been observed. Observations of the naturally existing Langmuir waves,
made in the plasma line spectra of the EISCAT UHF radar, are used to calculate the electron density and
critical frequencies during the experiments.
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2. Experiment

On October 18th and 19th, 2017, during quiet geomagnetic daytime conditions, the EISCAT Heating facility
(Rietveld et al., 2016) in Tromse was transmitting a LHCP HF radio wave in the magnetic zenith direction
(78° elevation south), in a 2 min on - 5 min 30 s off cycle. Upon reaching the ionosphere most of the wave
energy is in the O mode.

Different frequency stepping schemes were used on the two days, aiming to meet the double resonance
frequency fu, on the bottomside ionosphere at some point during each heating cycle. The double resonance
frequency is defined as

S = Jun =4S

and can be met by fyr twice, once at the topside and once at the bottomside ionosphere. In this experiment,
fur was changed in steps of 10 kHz every 10 s within the 2 min HF pulse, such that it crossed f, on the
bottomside. Because fyr is stepped throughout each HF pulse and f; decreases with increasing altitude, the
numeric value for fy, on the topside will be different from the numeric value of f;;, on the bottomside. On
October 18th, 2017 the effective radiated power (ERP) in the O mode was estimated to be 378 MW and the
frequency stepping was done from a few tens of kilohertz above fy, to a few tens of kilohertz below fy;, on
the bottomside ionosphere. The mean difference between the maximum ionospheric plasma frequency and
the pump frequency, m = for, — fyr, had a minimum value of m,,;,, =152 kHz during HF pulses, while the
maximum was 1,,,, =396 kHz. On October 19th, 2017 the ERP in the O mode was estimated to be 460 MW
with one extra transmitter running. The frequency stepping, alternated between stepping up from below to
above fy, and stepping down from above to below f;,. For pulses on the 19th October, ,,;,, = 603kHz, while
m,,,. =810 kHz.

max

The EISCAT UHF radar, pointing in the magnetic field aligned direction, was used to obtain the ionospheric
plasma parameters for the background and HF-modulated conditions. Measurements were done with the
beata modulation scheme (i.e., Tjulin, 2017), giving a frequency resolution of 2.4 kHz, range resolution of
3 km and a temporal resolution of 5 s for ion line measurements. In addition, the plasma line is sampled at
0.4 us lag profiles, averaged over 5 s, covering a 3.125 MHz wide band offset from the transmit frequency by
8.4, 6.0, and 3.4 MHz, and covering ranges from 107 to 374 km. Backscatter from natural existing Langmuir
waves is observed during the experiment in the downshifted plasma line spectra that is —6.0 MHz offset
from the radar transmit frequency. The electron density used for the calculation of relevant resonance and
cut-off frequencies (fp, fun, fi—cut) iS Obtained from these observed natural Langmuir waves in the plasma
line spectra and adapting the method described by Hagfors and Lehtinen (1981) (see Section 3 of Rexer
et al., 2018, for a detailed description).

3. Experimental Results

Observations made during the experiments show characteristic differences with respect to the appearance
of bottomside HF enhanced ion lines (BHFIL) and the proximity of fyr to the top- and bottomside fz;, on
October 18th and 19th. We have identified two cases for excitation of THFIL. In the following two sections,
these observations are presented separately

3.1. Case A: October 18th Observations

On October 18th 2017, 16 HF pulses with clear THFIL were observed. Figure 1 shows an example of one of
these. In the left panel of Figure 1a, the altitude profiles of, fp, fun, 4fs, and fi_.u. are shown, for an altitude
range from 180 to 280 km, at the time of strong THFIL (indicated by the vertical green line in the right pan-
el). The right panel shows the altitude profile from 180 to 280 km of the mean ion line spectra power for the
2 min HF pulse with a 5 s temporal resolution. The development of the BHFIL and THFIL for the duration
of the HF pulse as fyr is stepped downward, is seen at altitudes around 202 and 228 km respectively.

The development of the ion line spectra of the BHFIL and THFIL for the duration of the HF pulse are
shown in more detail in Figure 1b. Ion line spectra at the two altitude ranges of the strongest THFIL (228
and 231 km) and BHFIL (199 and 202 km) are shown in the four upper panels, while the fyr stepping
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Figure 2. Comparison of all 16 high frequency pulses of case A.
Normalized backscattered ion line power relative to the difference of the
pump and bottomside double resonance frequency are shown upper panel.
The lower panel shows the backscattered ion line power for the topside
high frequency enhanced ion lines related to the topside double resonance
frequency and the bottomside high enhanced ion lines related to the
bottomside double resonance frequency. Topside enhancements are shown
in orange while bottomside enhancements are shown in purple. The
superposed solid lines show the mean of the observations.

scheme of 20 kHz decrements every 10 s is indicated in the bottom panel.
The f;;, at the bottomside (red) and topside (yellow) are also indicated.
Green vertical lines indicate the time corresponding to the left panel in
(a). In the first 5 s after Heating on, of the four upper panels in (b) (and
the right panel in [a]), the commonly observed overshoot (Stubbe, 1996)
is clearly visible. Five features are indicated in (b). (A) At 12:07:40 UT,
as fur = 5.50 MHz, after a first 20 kHz downward frequency step toward
the bottomside fy;,, the BHFIL appear strongly at 202 km and somewhat
weaker at 199 km. (B) THFIL appear, faintly at first, around 228 km as
fur = 5.44 MHz, 50-60 kHz below fy, ~ 5.5 MHz at the bottomside. (C)
BHFIL decrease in intensity and fade completely as fyr = 5.40 MHz and
lower. (D) The THFIL are visible for the remaining steps of fuyr of the
HF pulse, increasing in altitude to 231 km (and 234 km as seen in the
right panel of (a)) as fyr is stepped further downward to 5.3 MHz. (E) The
strongest THFIL were observed when fyr = 5.42 MHz at which only weak
BHFIL were observed, during 3 steps (fgr = 5.44, 5.42 and 5.40 MHz) of
simultaneous enhancements at both altitudes. BHFIL were observed at
an altitude between the matching height (Rietveld et al., 2000) and the
altitude where fp = fyr. THFIL were observed at the reflection altitude.

We plot the backscattered power for all 16 HF pulses, with identified
THFIL, observed on the October 18th, 2017, at the altitude of the strong-
est BHFIL and THFIL and relate this to the difference between f;r and
fapi on the bottomside and topside ionosphere, Af = fyr — faui, in Figure 2.
Solid lines indicate the mean of the observations of the backscattered
ion line spectra power. In the upper panel we relate all observations of
HFIL to fz, on the bottomside ionoshpere. The lower panel shows the
same data where the BHFIL are related to the bottomside f;,;, while the
THFIL are shown relative to fy, on the topside ionosphere. The slight dif-
ference in the mean calculations (solid lines) of the two panels is due to
the bining algorithm. THFIL occur primarily when fyr is between 75 and
160 kHz below fy;, on the bottomside, and the strongest THFIL occurred
when no BHFIL were observed. In the lower panel we observe that the
THFIL were strongest when fr was between 100 kHz below and 10 kHz
above the fy, on the topside ionosphere. A narrow local maximum of
the THFIL is also seen when fr is  70-90 kHz above fy, on the topside.
From the upper panel it is apparent that these THFIL occurred when fy
was at or just below the f;;, on the bottomside. BHFIL also have a max-
imum here. Looking at the development of each HF pulse separately as
illustrated for one pulse, in Figure 1, we see that the THFIL coincidental
with the strongest BHFIL, are not part of the prolonged main THFIL vis-
ible from Af ~ —0.6 to Af ~ —2.0. These THFIL were visible as a “flare” of
enhancement for ~5-10 s and faded thereafter, for some pulses (HF puls-
es starting at 10:07:30, 10:15:00, 11:00:00, 11:52:30, 12:00:00 and 12:07:30
UT), before disappearing and growing later during the HF pulse as fyr
was stepped downward.

In the example shown in Figure 1 the strongest THFIL is observed when fyr is well below f;;, on the bot-
tomside. This is seen for all THFIL observed on October 18th and is also noticeable from the comparison
of all pulses, in the top panel of Figure 2. Here we see that the solid orange line, indicating the mean
backscattered power of all THFIL, has a wide local maximum well below f;;, on the bottomside (zero on
abscissa). Comparing the mean of the THFIL and BHFIL (orange and purple dots and lines) it is also clear
that THFIL predominantly appeared when no BHFIL were observed and that, although the BHFIL were
generally stronger than the THFIL, the strongest THFIL did not occur simultaneous to the strongest BHFIL.
The narrow peak of the orange and purple solid lines in the top panel show that both BHFIL and THFIL
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have a local maximum when fyr is just below fy, on the bottomside. Figure 2 also shows that all THFIL
have a comparable enhancement for comparable Af, and that the enhancements develop and increase as Af
increases and the BHFIL begin to fade. The same data is shown in the lower panel of Figure 2 now arranged
such that the THFIL (orange) are shown in relation to fz, on the topside, while the BHFIL (purple) are
unchanged and shown in relation to fy, on the bottomside. The THFIL have a maximum when fyr is just
below fy, at the topside ionosphere.

The BHFIL in case A appear when fyr is just below or at fy;, in the bottomside ionosphere, in approximately
the same range of Affor fy;, on the bottomside (Afbetween ~—100 and ~6 kHz), as THFIL for Afto f;, on the
topside. Hence, as seen in the example in Figure 1, the strongest THFIL do not appear simultaneous to the
strongest BHFIL (as in case B), but at fyr where BHFIL have faded or disappeared completely. Consistent
with the ion line spectra, the strongest enhancements, shown at two topside- and two bottomside altitudes
in the middle panels of Figure 1, are observed at the resonance altitude, where fyr = f, for the THFIL and
between the matching height and the resonance altitude for BHFIL at the bottomside. At both the altitudes
of THFIL and BHFIL, two well developed shoulders are seen, and we interpret these as decay lines of the
parametric decay instability (PDI). These are more pronounced at the bottomside enhancements. A visible,
but weak, central feature typical for the oscillating two stream instability (OTSI) (i.e., Kuo et al., 1997; Stub-
be et al., 1992) is observed at the bottomside, while for the strongest THFIL the spectrum is filled in between
the ion acoustic shoulders.

Downstepping HF pulses made on the October 19th, 2017, shown in the right column of Figure 3, are
comparable to HF pulses where case A THFIL were observed. Although ion line spectra of the BHFIL (not
shown) of these pulses are comparable to those of the case A observations as well as the range of the fre-
quency steps in relation to fy, on the bottomside ionosphere, no THFIL were observed. The lower panels of
Figure 3 indicate fy;, on the top and bottomside ionosphere in relation to fyr. Here we see that the range of
frequency steps used in the downstepping experiment did not extend to or well below the topside fy,;, the
frequency range where we expect case A THFIL.

3.2. Case B: October 19th Observations

Figure 3 shows all HF pulses from 10.00.00 UT to 10.50.00 UT on 19th October in chronological order.
Upper panels are the same as the upper right panel in Figure 1, showing the evolution of the mean ion line
power at all altitudes, during a 2 min Heating on period with 5 s resolution. fzr and the double resonance
frequencies are indicated in the lower panels. As the direction of the frequency stepping in the experiment
alternated between increasing and decreasing frequency for every Heating on pulse, the left column in
the Figure shows all pulses where fyr was stepped upward. It is only in these four pulses that we observe
THFIL. During the HF pulses where fyr was stepped downward, shown in the right column, only BHFIL
are observed and no THFIL. In the top panel of the left column, showing the HF pulse starting at 10:06:00
UT, the THFIL appear weakly around 269 km for the initial 10 s frequency step. No THFIL are observed
for the next 6 steps, until fyr = 5.44 MHz and faint THFIL are observed for the two frequency steps just
below and at the double resonance frequency. The second panel on the left shows slightly stronger THFIL
around the same altitude for the fist frequency step. Weak THFIL are visible for three frequency steps of fir
around the double resonance frequency, for fir = 5.44, 5.46 and 5.48 MHz. In the next two rows on the left
column, showing HF pulses starting at 10:30.00 UT and 10:42:00 UT, THFIL are visible from Heating on
and through all frequency steps until fyr reaches the double resonance frequency around fy, = 5.48 MHz,
where the THFIL fade.

Figure 4 is in the same format as Figure 1, but showing one of the four HF pulses of case B, in more detail.
The backscattered power of BHFIL and THFIL increases as fur is increased stepwise and approaches the fy
on the bottomside ionosphere. The strongest THFIL are observed simultaneous to the strongest BHFIL at
the altitude of the respective plasma resonance frequency, fp = fur, rather than the matching height (Riet-
veld et al., 2000), which is ~7 km lower in altitude on the bottomside for the duration of the experiment on
this day. While weaker than the BHFIL, the THFIL show a comparable development as the BHFIL, increas-
ing in intensity while fyr is stepped upward to the bottomside fy,; and fading when fur > fi. These case B
observations are consistent with observations made in 2016 (Rexer et al., 2018).
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Figure 3. Case B: Time evolution of the averaged backscattered power in the ion line spectra for consecutive heating on pulses on October 19th, 2017. The
bottom panels show fir and double resonance frequency. Case B enhancements are observed in high frequency pulses where fiy is stepped upward (left
column).
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Figure 4. Example of a typical observations of case B. (a) The left panel
shows the critical frequencies calculated from the observed natural
Langmuir waves. The blue, red and yellow lines indicate the L mode
cutoff, the local plasma frequency, and the local upper hybrid frequency,
respectively. The purple line shows the fourth harmonic of the electron
gyrofrequency, while the green vertical line indicates the frequency of the
transmitted O mode pump wave. On the right the 5 s mean backscattered
ion line power, with a 3 km altitude resolution, during a 2 min HF on
pulse is shown. The vertical green line in the top right panel plot indicates
the time to which the left panel plot corresponds. (b) The four upper
panels show the topside ion line spectra and the bottomside ion line
spectra with the frequency on the vertical axis, for the two altitudes of the
strongest topside high frequency ion lines (254 and 257 km) and BHFIL
(204 and 207 km). The bottom panel shows fir and the top- and bottom-
side fourth harmonic of the double resonance frequency. Green vertical
lines indicate the time corresponding to the left panel of (a).

Figure 5 is the same as Figure 2, but for the case B data, with the 4 case
B HF pulses from October 19th, 2017. Additionally, 33 HF pulses with
THFIL, previously presented by Rexer et al. (2018), and all consistent
with and categorized as case B, are added. We include the data again here
to emphasize the case B characteristics and differences to case A. Case B
has been previously discussed and the findings include observations that
the case B THFIL are conditioned by the proximity of fur to fy,; on the
bottomside ionosphere. Additionally the THFIL only appear simultane-
ous to BFHIL and are generally weaker (Rexer et al., 2018). This is seen in
the top panel of Figure 5. Relating the backscattered power of the THFIL
to the topside f;,, shown in the lower panel, a small local maximum of
the mean backscattered power of the THFIL can be observed when fyy is
close to fy, on the topside (zero on abscissa).

We have summarized the main characteristic of the BHFIL and THFIL
for the two cases in Table 1.

4. Transionospheric Wave Propagation

Mjolhus and Fl& (1984) adapted the theory of linear conversion of inci-
dent radiowaves into electrostatic waves, to ionospheric modification ex-
periments, finding that an O mode wave transmitted into the horizontally
stratified ionosphere can access the plasma resonance region through the
radio window. That is, if fyr > f1_c. the wave will propagate to the topside
resonance region of the ionosphere, and continue through the topside
radio window into space. Rays near 6, are partially reflected and partially
transmitted. Thus, partially penetrating rays at the bottomside radio win-
dow, will propagate to the topside ionosphere at an angle slightly off 6,.
These rays will be partially reflected at the topside radio window into a
northward path (Mjelhus, 1990; Mjelhus & F14, 1984).

Additionally, artificial radio windows can be generated at different lo-
cations by large scale, field aligned, density ducts induced by the pump
wave (Leyser & Nordblad, 2009; Nordblad & Leyser, 2010). An incident O
mode wave can be guided into the L mode along the geomagnetic field by
ducts, with the same polarization as a ray at the critical angle in a hori-
zontally stratified ionosphere. At fyr = fp, with k exactly along the mag-
netic field, the O, Z and Langmuir dispersion surfaces connect, forming
a radio window such that O mode waves guided into the L mode by large
scale density irregularities will not change polarization. A wave, thus
guided can pass the ionospheric density peak if f > f;_.u, and propagate
to the topside resonance region, at different locations depending on the
location and local parameters of the guiding density striation.

The dispersion properties of the upper hybrid waves is such that forma-
tion of small scale density striations, that can form a larger scale duct,
decreases as the pump wave frequency approaches that of the double res-

onance frequency (i.e., Mjolhus, 1993; Robinson et al., 1996). Anomalous absorption is also at a minimum
near or at harmonics of f; (Stubbe et al., 1994). Consequently, and consistent with previous observations
(Honary et al., 1999), coupling to Langmuir waves and ion acoustic waves is possible. Contrary to small
scale density striations, large scale density ducts generated by the pump wave (i.e., A. Gurevich et al., 1998;
Kelley et al., 1995) have a longer generation and decay time, on the order of minutes (Basu et al., 1997).
Thus, guiding of the pump wave into the L mode, and hence transionospheric propagation, can be facil-
itated by these as they may exist in the plasma for several minutes, also when fyr is stepped through fy.
Further, we propose that the physics described by (Mjolhus & Fla, 1984) concerning access to the plasma
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resonance through radio windows in a horizontally stratified ionosphere
is qualitatively applicable also to artificial radio windows due to the pres-
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5. Discussion

Figure 2 shows that case A THFIL predominantly appear when fyr is just
below or at fy, at the topside ionosphere, when Af = fyr — fi on the
topside is between —100 and 18 kHz. This resembles the dependence of
the appearance of THFIL, on the proximity of fir to fy, on the bottomside
in case B. Both cases of THFIL appear to be asymmetrically conditioned
by the proximity of fyr to a fy,. Contradictory to case B (and our previous
observations (Rexer et al., 2018)), case A THFIL appear to be asymmetri-
cally conditioned by the proximity of fir to fy; at the topside rather than
the bottomside, as for case B.
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x10° Case B THFIL appear only simultaneous to stronger BHFIL and are con-

ditioned by the proximity of fyr to fg on the bottomside ionosphere. Both

Bottcie THFIL and BHFIL are observed at the altitude where fp ~ fir, Wwhereas

R R the matching height is calculated to be approximately ~6-7 km below the

——Mean THFIL enhancements on the bottomside during the experiment. As the calcula-

tions of the matching height are based on the observations of the natural

Langmuir waves in the plasma line spectra with a temporal resolution

of 1 min, we interpret the observations of the BHFIL at the apparent

resonance height to be an indication that large scale density ducts have

formed. That is, the matching height is at a higher altitude within the
duct, hence the BHFIL appear to be close to the resonance altitude.

In the bottom panel of Figure 5, showing the THFIL and BHFIL related
to fau at the top- and bottomside, respectively, we see a small local maxi-
mum of the case B THFIL when fyr is close to f;; on the topside (zero on
abscissa). This resembles the observations in case A, where THFIL ap-

Figure 5. Same as Figure 2 but for the 4 case B high frequency (HF)
pulses from October 19th, 2017 and 33 HF pulses with topside high
frequency enhanced ion lines, previously presented by Rexer et al. (2018),

and all categorized as case B.

Af = fur — fan [Hz]

pear to be conditioned by the proximity of fur to the topside fy. It is pos-
«10° sible that a similar relation as for case A exists, however, there are few da-
tapoints in this region. As mentioned above, the lower panels of Figure 3
(case B THFIL in the left column) indicate that the range of frequency
steps used did not include fyr well below the topside fg,. It is apparent in
the example in the top left panel of Figure 4, that the altitude difference
between the bottomside and topside resonance height is=50 km for case
B from October 19th 2017 (= 70-100 km for the observation presented in
Rexer et al. (2018)). This leads to a large difference between the top- and
bottomside fyp;, as fc decreases with altitude. As we do not reach this frequency range below f;, at the top-
side ionosphere where one might expect THFIL, for these HF pulses, a definite conclusion about a possible
relation to fy, on the topside, also for case B observations, cannot be drawn from these observations.

1 2 3 4

Further, distinct ion acoustic peaks are observed when fyr < fi on the bottomside and a sharp, distinct
w = 0 peak, associated with the OTSI (i.e., Fejer, 1979; Kuo et al., 1997; Stubbe et al., 1992), in the BHFIL
frequency spectra of case B. An example is shown in the middle panels of Figure 4. BHFIL frequency spec-
tra from case A, shown in Figure 1, and BHFIL frequency spectra (not shown) from the downstepping HF
pulses on the October 19th, 2017 (right column of Figure 3) have distinct ion acoustic shoulders, associated
with PDIs, but only a weak or no w = 0 feature. Interestingly, although polarization and ERP of EISCAT
Heating were the same for all HF pulses on October 19th, 2017, and the frequency steps were spanning the
same frequency range, only alternating between stepping upward and downward, the BHFIL spectra for
up stepping pulses show a clear and distinct central feature while BHFIL spectra for downstepping pulses
show only well developed ion acoustic shoulders and no central feature. The threshold electric field of the
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Table 1

Main Characteristics of BHFIL and THFIL for Case A and Case B

BHFIL

THFIL

Case A

Observed during fi;r downstepping experiments

Case B

Observed during fyr upstepping experiments

» Predominantly appear for fyr = 0-100 kHz below
the bottomside fy

« Fade completely for Af < ~—100 kHz

« Enhancement at altitude between matching
height and resonance height

« Weak and fading central feature in ion line spectra

« Strong enhancements when fir is 80 kHz below,
and ~9.8 kHz above the bottomside f

« BHFIL abruptly disappear as fyr increases above
the bottomside fy,

« Stronger than THFIL

« Enhancement appears to be at the resonance
height

« Predominantly appear when fy is
between ~ —100 and 18 kHz around the
topside fuu

» Growing enhancements as BHFIL fade
« Enhancement at resonance height

« Filled in ion line spectra/weak central
feature

» Only appear simultaneous to BHFIL,
when fyr is 80 kHz below, and ~9.8 kHz
above fyy at the bottomside

» Weaker then BHFIL

« Enhancement at resonance height

« Filled in ion line spectra/weak central
feature

« Prominent, distinct central feature in ion line
spectra

Abbreviations: BHFIL, bottomside HF-enhanced ion lines; HF, high frequency; THFIL, topside HF-enhanced ion lines

pump wave required to excite the OTSI is usually higher than that for the PDI (Robinson, 1989), indicating
a possible difference in allocation of pump wave energy, a difference in D-region absorption or different
mechanisms responsible for the BHFIL in the up stepping and down stepping HF pulses. The down step-
ping HF pulses on 19th October are comparable to HF pulses on 18th October, where case A THFIL were
observed. We consider it likely that case A THFIL could have been generated also on the downstepping
HF pulses on 19th October, had the fyr stepping scheme extended to frequencies below f;, on the topside
ionosphere as discussed above.

In case A, for the duration of the THFIL, fyr is well below f, at the bottomside. Consequently anomalous
absorption is effective and less energy available for excitation of Langmuir waves and related nonlinear
wave interactions at the bottomside plasma resonance (Stubbe et al., 1994). Conforming to this is the ab-
sence or very weak BHFIL observed during case A. The proximity of the fyr to fy, at the topside, by propa-
gation of the pump wave through an artificial radio window, allows for direct linear conversion of the pump
wave here (Mjolhus & F1a, 1984). Furthermore, Mjolhus and F1& (1984) predict the formation of strongly
nonlinear Langmuir wave field as a result of linear conversion in the resonance region. At exactly the radio
window complete transmission occurs, while partial transmission and partial reflection occur for rays near
this. It is possible then, that the close proximity of fyr to the topside resonance allows for THFIL also in a
suppressed pump field due to the anomalous absorption in the bottomside.

In case B fyr is below f;;, on the bottomside ionosphere for approximately 1 min and the duration of several
frequency steps, permitting the development of large scale density ducts (Basu et al., 1997). The Weak BH-
FIL observed during this time are consistent with this, as the wave energy is absorbed by upper hybrid phe-
nomena a few kilometer below the matching height and associated anomalous absorption (Robinson, 1989).
Although we do not have direct observations of density ducts, we argue that it is likely they were excited
by the pump wave. The large electron temperature enhancements we observe (up to ~3500 K), during HF
pulses are significantly larger than what is obtained with Ohmic heating alone (Bryers et al., 2013). Such
anomalous heating is attributed to resonant heating effects at the upper hybrid resonance altitude, that are
strongly coupled to the generation of field aligned density striations (A. V. Gurevich, 2007; A. V. Gurevich
et al., 1996; Istomin & Leyser, 1997).

As fur approaches fg,; on the bottomside, the growth of the density striations is suppressed (Honary
et al., 1999; Huang & Kuo, 1994; Mjelhus, 1993; Robinson, 1989) and pump wave energy is guided by the
remaining ducts to reach the resonance altitude, permitting coupling to Langmuir and ion acoustic waves.
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This can be seen as an increase in the BHFIL power, observed near the resonance altitude, as fir approaches
fan- Hence, a larger portion of the pump wave energy reaches the topside resonance region, compared to
case A, by propagation in the L mode guided by large scale density ducts. THFIL are therefore observed as a
result of partial reflection of Z mode rays just outside the central ray in the density duct.

With the above discussion in mind the main difference between case A and case B appears to be the alloca-
tion of pump wave energy for the generation of BHFIL and the relative proximity of fur to a fyp, either on
the topside or on the bottomside.

6. Conclusions

We have shown two cases, with different characteristics, of systematically recurring THFIL during an ex-
periment at the EISCAT Heating facility on October 18th and 19th, 2017. A pump wave with an O mode po-
larization was transmitted in the magnetic zenith direction in a 2-min-on, 5-min-30-sec-off cycle, stepping
through the double resonance frequency of the electron gyro frequency and the local upper hybrid frequen-
cy. Plasma parameters were obtained from the EISCAT UHF radar, allowing for high accuracy calculations
of the altitude profile of the plasma-, upper hybrid-, and L mode cut-off frequencies. In case A, THFIL were
observed when fyr is at or below the double resonance frequency at the topside ionosphere. No or weak
BHFIL were observed at the pump frequencies of the strongest THFIL. In case B observations the THFIL
occur simultaneous to BHFIL, when fyr is at or below the bottomside double resonance frequency. These
are consistent with previous observations of THFIL made by Rexer et al. (2018) and Borisova et al. (2020).
We interpret the observations as a result of pump wave guiding into the L mode by large scale density
ducts to propagate through the ionospheric density peak. The pump wave may access the plasma resonance
through these artificial radio windows in the magnetic zenith direction, in the same manner as Mjolhus
and F1a (1984) describe theoretically for natural radio windows in a horizontally stratified ionosphere. We
suggest that the main difference between the two characteristic cases of THFIL is the amount of available
pump wave energy that reaches the topside resonance region and the relative proximity of the pump wave
frequency to the double resonance frequency at the topside resonance region for case A and the bottomside
resonance region for case B.

Data Availability Statement

The data of EISCAT UHF radar during the experiment can be obtained from EISCAT https://portal.ei-
scat.se/schedule/. The EISCAT ISR analysis tool GUISDAP is available at https://eiscat.se/scientist/
user-documentation/guisdap/.
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