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Abstract In their recent article Wang et al. (2016) analyzed observations from EISCAT (European
Incoherent Scatter) Scientific Association Russian X-mode heating experiments and claimed to explain the
potential mechanisms for the parametric decay instability (PDI) and oscillating two-stream instability (OTSI).
Wang et al. (2016) claim that they cannot separate the HF-enhanced plasma and ion lines excited by O or
X mode in the EISCAT UHF radar spectra. Because of this they distinguished the parametric instability excited
by O-/X-mode heating waves according to their different excitation heights. Their reflection heights were
determined from ionosonde records, which provide a rough measure of excitation altitudes and cannot be
used for the separation of the O- and X-mode effects. The serious limitation in their analysis is the use of a
30 s integration time of the UHF radar data. There are also serious disagreements between their analysis and
the real observational facts. The fact is that it is the radical difference in the behavior of the X- and
O-mode plasma and ion line spectra derived with a 5 s resolution, which provides the correct separation of
the X- and O-mode effects. It is not discussed and explained how the parallel component of the electric
field under X-mode heating is generated. Apart from the leakage to the O mode, results by Wang et al. (2016)
do not explain the potential mechanisms for PDI and OTSI and add nothing to understanding the physical
factors accounting for the parametric instability generated by an X-mode HF pump wave.

Plain Language Summary In their recent article Wang et al. (2016) analyzed results from EISCAT
(European Incoherent Scatter) Scientific Association active experiments and claimed to explain the
potential mechanisms for processes occurring in the near-Earth space environment. There are serious
disagreements between their analysis and the real observational facts. We reanalyzed the observations
described by Wang et al. (2016) (WANG2016) and demonstrated that their results are flawed and
incorrect. We then review WANG2016 step by step to disclose the flaws and failures of their analysis
of observations.

1. Introduction

The growing body of X-mode experiments at the EISCAT (European Incoherent Scatter) Scientific Association
HF heating facility with the use of various multi-instrument diagnostics showed that extraordinary (X-mode)
powerful HF radio waves are capable of producing a strong modification of the high latitudinal ionospheric F
region, including the generation of the artificial field-aligned irregularities (FAIs) (Blagoveshchenskaya,
Borisova, Yeoman, Rietveld, 2011; Blagoveshchenskaya, Borisova, Yeoman, Rietveld, Ivanova, et al., 2011;
Blagoveshchenskaya et al., 2013), optical emissions at red (630 nm) and green (557.7 nm) lines
(Blagoveshchenskaya et al., 2014), and various spectral components in the narrowband stimulated electro-
magnetic emission spectra (Blagoveshchenskaya et al., 2015). Considerable study has been given to the
HF-enhanced ion and plasma lines (HFILs and HFPLs) from the EISCAT UHF incoherent scatter radar spectra
excited under X-mode heating, which are the signatures of the ion acoustic (IA) and Langmuir (L) electrostatic
waves (Blagoveshchenskaya et al., 2014, 2015). The IA and L waves are attributed to the parametric decay
(PDI) (Fejer, 1979; Hagfors et al., 1983; Perkins, Oberman, & Valco, 1974). The appearance of a nonshifted
component in the ion line spectrum is indicative of the excitation of the modulation instability, also known
as oscillating two-stream instability (OTSI) (DuBois, Rose, & Russell, 1993; Fejer, 1979). It was found that,
generally, the X-mode HFILs and HFPLs demonstrate similar behavior and features in the overdense and
underdense ionosphere (when the pump frequency is both below and above the critical frequency foF2)
(Blagoveshchenskaya et al., 2014, 2015). It is significant that the intense HFILs and HFPLs were excited when
the X-mode pumpwave was radiated toward the magnetic zenith while they were not excited for the vertical
X-mode injections (Blagoveshchenskaya et al., 2015).
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Some theoretical investigations related to the excitation of the parametric instabilities by the X-mode waves
have been performed. Fejer and Leer (1972) suggested that the parametric electromagnetic instability could
be excited when the HF pump wave has an extraordinary polarization. Here the exciting wave has an extra-
ordinary polarization and the excited HF wave has the ordinary polarization. Both are electromagnetic waves
in this case. Vas’kov and Ryabova (1998) proposed that extraordinary HF pump wave can generate the upper
hybrid waves as well as enhancements of low-frequency plasma waves as a result of pump-induced scatter-
ing by ions. Fejer and Leer (1972) demonstrated that an X-mode pump wave is capable of exciting electro-
static waves in the Bernstein mode whose propagation vector is normal to the external magnetic field and
whose frequency is that of the incident wave. Further, Sharma et al. (1994) proposed the parametric decay
instability of X-mode pump waves into electrostatic electron Bernstein (EB) and ion Bernstein waves.
Mishin, Hagfors, and Kofman (1997) and Kuo, Koretzky, and Lee (1998) have shown that Z mode (slow extra-
ordinary wave) may decay into electron Bernstein (EB) and lower hybrid waves, the latter tending to collapse,
with subsequent acceleration of electrons. The accelerated electrons enhance Langmuir waves, the source of
the HFPL observed at EISCAT. Gelinas et al. (2003) reported on low-frequency density perturbations observed
near the Z-mode reflection height during the rocket experiment at Arecibo.

In their recent article Wang et al. (2016), henceforth WANG2016, claimed to investigate the potential mechan-
isms and to understand the physical factors accounting for the parametric decay instability (PDI) and oscillat-
ing two-stream instability (OTSI) generated by an X-mode pumpwave by analyzing the HF-enhanced ion and
plasma lines (HFILs and HFPLs). They used the UHF radar data from the EISCAT Madrigal database collected
from three Russian EISCAT HF heating experiments on 19 October 2012, 21 February 2013, and 22 October
2013. The first is observations published by Blagoveshchenskaya et al. (2014); the other two have no refer-
ence leaving a reader with the impression that these areWang’s et al. experimental results. HF heating experi-
ments were planned and carried out by Dr. Blagoveshchenskaya and her team. To think up and to perform a
successful experimental campaign requires significant efforts and expertise, and it is important to give proper
credit to those who make such experiments a success. The campaign authorship details are shown in the
Madrigal database and should be quoted when the data are used.

WANG2016 distinguished the O- and X-mode parametric instability in accordance with the different reflec-
tion altitudes of the O- and X-mode HF pump wave. Their reflection heights were determined from iono-
sonde observations (ionograms) between heater pulses. The threshold electric field for the parametric
decay instability excited by an X-mode pump wave is also investigated and compared with the
experimental observations.

In this comment we demonstrate that analysis and interpretation of our EISCAT heating experiments
described by WANG2016 is flawed. We also show that the separation of O- and X mode effects used by
WANG2016 is incorrect. The separation of the O- and X-mode effects plays a crucial role in the further analysis
of the PDI and OTSI. The subsequent analysis by WANG2016 fails if such separation is incorrect. We present
the separation procedure of the HF-induced ion and plasma lines excited by the X- and O-mode pump waves
based on the specific features and distinctions between the UHF radar spectra. Then we briefly analyze the
UHF radar observations in the course of O-/X-mode Russian EISCAT HF heating experiments described by
WANG2016 with the use of the proposed UHF radar spectra separation. We then review WANG2016 step
by step to disclose the flaws and failures of their analysis of observations, separation of the O- and X-mode
effects, and analysis of the parametric decay instability excited by the X-mode pump wave.

2. The Separation of the X- and O-Mode Effects From EISCAT UHF Radar Spectra

Below we present experimental results showing the distinctive features and evolution of HF-enhanced ion
and plasma lines (HFILs and HFPLs) induced by the extraordinary and ordinary polarized HF pump waves
in the course of our experiment on 21 February 2013 (case 3 by WANG2016). An overview of phenomena
from the EISCAT UHF radar observations in the course of an alternating O-/X-mode heating experiment on
21 February 2013 is shown in Figure 1. We would like to remind the reader that HF pumping was toward
the magnetic zenith with the effective radiated power of about 530 MW at the heater frequency
fH = 7.1 MHz with alternating O-/X-mode polarization. In the course of the experiment the heater frequency
was near or just above the critical frequency of the F2 layer. Figure 1 shows the electron density and tempera-
ture (Ne and Te), respectively; undecoded downshifted plasma line power; and raw ion line backscatter power
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(labeled as raw electron density) obtained from “raw” radar data with a 30 s integration time. As seen from
Figure 1, the strong ion line backscatter power (Figure 1, bottom), which points to the excitation of
HF-enhanced ion lines, was observed in all O- and X- mode pulses with the exception the last X-mode
pulse from 14:16 to 14:26 UT, when fof2 quickly dropped. From ionosonde records, which were used for
the separation of the O- and X-mode effects in all analyzed cases, WANG2016 concluded that O-mode
pump wave is not reflected from the ionosphere from 12:01 UT to 14:26 UT.

Figure 1. The behavior of the electron density (Ne) and temperature (Te), undecoded downshifted plasma line power in the altitude range of 128–302 km, and the
raw electron density (raw ion line backscatter power) from EISCAT UHF radar measurements with a 30 s integration time during alternating O-/X-mode pumping
experiment on 21 February 2013 from 12:12 to 14:30 UT. HF pumping was produced toward the magnetic zenith with the effective radiated power of about 530 MW
at the heater frequency fH = 7.1 MHz by 10 min on, 5 min off pulses. The HF pump pulses and polarization of the heater wave are shown on the time axis.
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The excitation of X-mode HFILs was accompanied by strong HF-enhanced downshifted plasma lines
observed throughout the whole heating pulse. The other situation was realized for O-mode cycles, in which
the HFPLs excited only as response to the heater turned on in cycles from 12:31 to 12:41 and 13:01 to 13:11
UT. In the course of the O-mode cycles from 13:31 to 13:41 and 14:01 to 14:11 UT, HFPLs were observed
sporadically. Here the HF pump wave starts partly to penetrate the ionosphere that leads to the strong
and specific effects in the HFIL behavior and sporadic appearance of HFPLs. In fact, the experiment on 21
February 2013 is not typical at all, contrary to what WANG2016 concluded. Moreover, this experiment is
not typical even in the stable ionosphere from 12:10 to 13:30 UT. As seen from Figure 1, the altitude of the
X-mode HFILs was higher than the altitude of the O-mode HFILs throughout the time interval from 12:10
to 13:30 UT. Note that we did not analyze the first O-mode pulse from12:01 to 12:11 UT owing to tuning
up the HF heater at Tromsø.

Further we present the results of a detailed analysis and comparison between the plasma and ion line spectra
derived from raw UHF radar data with a 5 s resolution, excited by O- and X-mode heating wave on 21
February 2013. We have chosen and compared two consecutive heater pulses at the heater frequency
fH = 7.1 MHz from 12:46 to 12:12.56 UT (X mode) and 13:01 to 13:11 UT (O mode) and at fH = 5.423 MHz from
14:31 to 14:41 (O mode) and 14:46 to 14:56 UT (X mode). The main attention was paid to the growth time of
HFPLs and HFILs after the heater turned on. Figure 2 shows the behavior of maximum power of HF-enhanced
downshifted plasma lines and upshifted and downshifted ion lines (on a logarithmic scale) on 21 February
2013 at fixed altitudes during 2.5 min intervals starting 30 s before the heater turned on for O- and X-mode
heating at fH = 7.1 MHz (Figure 2a) and 5.423 MHz (Figure 2b). The power of the HFPLs and HFILs was found as
the maximum in spectra derived every 5 s with 3 km altitude steps. During pump pulses the reflection alti-
tude of the pump wave may be approximated by the altitude of the HF-enhanced ion line. The possible
reflection heights derived from the electron density profiles from the EISCAT UHF radar 30 s before the pump
onset are estimated at fH = 7.1 MHz as about 232 and 220 km for the O- and X-mode waves, respectively, and
at fH = 5.423 MHz as 225 and 210 km for the O and X modes, respectively.

From Figure 2a (top row) it is clearly seen that the onset of the O-mode pump pulse at fH = 7.1 MHz is
accompanied by the abrupt increase of the intensity of the downshifted plasma line (HFPL) and upshifted
and downshifted ion lines (HFILUP and HFILDOWN). They reached the maximum in the first 5 s data dump
and then decayed in next few data dumps. It is the classic signature of the resonance parametric decay
instability (PDI) (DuBois, Rose, & Russell, 1990; Fejer, 1979; Gurevich et al., 2004; Hagfors et al., 1983;
Kuo, 2015; Perkins et al., 1974; Stubbe, Kohl, & Rietveld, 1992) when the O-mode HF pump wave decays
into the Langmuir and ion-acoustic waves near the reflection height of the O-mode wave. PDI develops
from the “cold” start, acts over few milliseconds of heating, and can be recognized in the EISCAT UHF
radar spectra in the first few 5 s data dumps as HF-enhanced plasma and ion lines (initial overshoots)
(Robinson, 1989). Thereafter, Langmuir and ion-acoustic waves are normally quenched by fully generated
artificial small-scale field-aligned irregularities (FAIs) preventing further generation of the PDI (Stubbe,
1996). However, under high effective radiated power, the reappearance of the enhanced ion and plasma
lines can occur after overshoots (Dhillon & Robinson, 2005; Mishin et al., 2016). Such a situation was
observed during the O-mode pump pulse at fH = 7.1 MHz when HF-enhanced upshifted and downshifted
ion lines reappeared (see Figure 2a, top row).

Behavior of the enhanced plasma and ion line backscatters for X-mode pulse at fH = 7.1 MHz differs radically
from the O-mode one. As seen from Figure 2a (bottom row), HF-enhanced plasma and ion lines appeared not
from the cold start, that is observed for O mode, but 15 s later. Thereafter, their power gradually increased
and saturated within about 1 min.

The analogous behavior of the HF-enhanced ion and plasma line power was observed for O- and X-mode
heating pulses at fH = 5.423 MHz (see Figure 2b). The important point is that the heater frequency
fH = 5.423 MHz is close to the fourth electron gyroharmonic frequency, in the vicinity of which FAIs are
suppressed. This results in the HF-enhanced plasma and ion lines being quenched by FAIs to a smaller degree
(Stubbe, 1996). This is clearly seen from the behavior of HF-enhanced upshifted and downshifted ion lines
(see Figure 2b, top row). As for X-mode pulse (Figure 2b, bottom row), the enhanced plasma and ion lines
delayed within about 1 min after the heater turned on (T0). Thereafter, they gradually increased and saturated
within 2 min.
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Let us further consider the plasma and ion line spectra for O- and X-mode heating, which were derived from
raw EISCAT UHF radar data at fixed altitudes with a 5 s resolution. Figures 3 and 4 show the downshifted plasma
line spectra and ion line spectra at five altitudes for different times after HF pumping onset on 21 February
2013 at fH = 7.1 MHz for the same O- and X-mode heating pulses as in Figure 2a. Figures 3a and 3b

Figure 2. The maximum power of HF-enhanced downshifted plasma lines (HFPL), upshifted (HFILUP) and downshifted (HFDOWN) ion lines at three fixed altitudes
during 2.5 min intervals starting 30 s before the heater turned on for the O- and X-mode pulses derived from EISCAT UHF radar measurements on 21 February
2013. T0 denotes the onset of the O-/X-mode transmission pulse. (a) The heater frequency fH = 7.1 MHz. (b) The heater frequency fH = 5.423 MHz. The power of the
HFPLs and HFILs was derived as the maximum in spectra every 5 s with 3 km altitude steps.
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illustrate the plasma line spectra for O- and X-mode pulses, respectively, and Figures 4a and 4b depict the ion
line spectra for O- and X-mode pulses, respectively.

The intense plasma line spectrum appeared as immediate response to the O-mode pump onset and was seen
in the first 5 s UHF radar data dump (13:01:05 UT). It possess the sharp peak shifted by the ion-acoustic
frequency (“mother” Langmuir wave) and three intense downshifted cascade lines, so-called “daughter”
Langmuir waves. In the next two 5 s dumps the O-mode plasma line spectra decayed and appeared at a
lower altitude.

The X-mode plasma line spectrum appeared within 15 s after the HF pump onset at an altitude of 225 km,
which is 3 km higher as compared to the initial appearance of O-mode enhanced plasma lines. Then the
intensity of plasma line spectra gradually increased and saturated at 12:47:40 UT (after 100 s of HF pumping).
At 12:48:50 UT themost intense plasma line spectrum displaced to 228 km. Weak cascade lines in the X-mode
plasma line spectra can be also recognized.

The O-mode ion line spectra (Figure 4a), similar to the downshifted plasma line spectra, initially appeared at
13:01:05 UT in the first 5 s UHF radar data dump. They possess a strong peak at zero frequency and two
intense shoulders, upshifted and downshifted from zero frequency by the ion-acoustic frequency. The
presence of the peak at zero frequency in the UHF radar ion line spectrum indicates the excitation of the oscil-
lating two-stream instability (OTSI) (DuBois et al., 1993; Fejer, 1979). Thereafter, the ion line backscatter
displaced to lower altitudes from 225 km at 13:01:05 UT to 207 km at 13:01:50 UT, but its intensity was less
as compared to the HF pump onset. Such descending ion line backscatter under O-mode heating was
previously observed at the EISCAT/heating facility and High Frequency Active Auroral Research Program
(HAARP) (Ashrafi et al., 2007; Dhillon & Robinson, 2005; Mishin et al., 2016; Pedersen et al., 2010). Notice that
from 13:01:50 UT the ion line spectra appeared also at an altitude of 204 km (not shown in Figure 4a). From
13:02:10 UT their intensity was approximately the same as at 207 km. Ion line spectra were observed through-
out the whole O-mode pump pulse.

The X-mode ion line backscatter developed at 12:46:15 UT within 15 s after the HF pump onset (see
Figure 4b). The spectra exhibit only upshifted shoulders at altitudes of 219, 222, and 225 km (with the
maximum at 222 km) and only downshifted shoulders at 207 km. Thereafter, their intensity gradually
increased at altitudes of 222 and 225 km. From 12:46:35 UT the most intense ion line backscatter shifted
3 km higher to 225 km, which is the altitude of initial excitation of ion-acoustic waves under the O-mode
heating (see Figure 4a). After 70 s pumping (12:47:10 UT) ion line spectra at 222 and 225 km possess upshifted
and downshifted shoulders together with the weak zero component. The intensity of the ion line spectra,
similar to the plasma line spectra, saturated 12:47:40 UT (after 100 s of HF pumping).

Figures 5 and 6 show the plasma and ion line spectra at five altitudes for different times after the pump onset
on 21 February 2013 at fH = 5.423 MHz for the same O- and X-mode pulses as in Figure 2b. Spectra are shown
in the same manner as in Figures 3 and 4. As a whole, the distinctive features and development of the O- and
X-mode plasma and ion line spectra are similar to those observed at fH = 7.1 MHz. Namely, strongly enhanced
ion and plasma line spectra under O-mode HF pumping appeared from the cold start immediately after the
pump onset and were seen in the first 5 s radar data dump. Thereafter, the ion line backscatter layer
descended to lower altitudes. The persistent O-mode ion line backscatter was observed both at
fH = 7.1 MHz and fH = 5.423 MHz.

The X-mode ion and plasma lines delayed relative to the pump onset. Thereafter, their intensity gradually
increased. However, there are some specific features at fH = 5.423 MHz as compared to the 7.1 MHz case.
The strength of the ion line spectra did not decay too much through the O-mode heating pulse. This is
explained by the proximity of the pump frequency to the fourth electron gyroharmonic frequency, where
FAIs are suppressed and ion lines are quenched to a smaller degree. As for the X-mode pulses, HF-enhanced
ion and plasma lines developed after much longer delay time of about 60 s. The X-mode plasma and ion line
spectra exhibit a very strong zero component, pointing to the OTSI excitation.

We have also considered the development of the plasma and ion line spectra derived from the EISCAT UHF
raw data with a 5 s temporal resolution on 22 October 2013 (case 1 from WANG2016). As example, Figure 7
presents the downshifted plasma line spectra (Figure 7a) and ion line spectra (Figure 7b) at five altitudes for
different times after the pump onset at fH = 7.1 MHz for the X-mode pulse from 16:01 to 16:11 UT. As seen
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Figure 3. The downshifted plasma line spectra derived from the EISCAT UHF raw data with a 5 s resolution at five fixed altitudes for different times after the HF pump
onset on 21 February 2013 at fH = 7.1 MHz. T0 denotes the onset of the O/X transmission pulse. (a) The O-mode transmission pulse. The scale of power was
changed at 13:01:10 UT due to the strong attenuation of the plasma line spectra. (b) The X-mode pulse. The scale of power was changed at 12:46:50 UT due to the
strong enhancement of the plasma line spectra.
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Figure 4. The ion line spectra derived from the EISCAT UHF raw data with a 5 s resolution at five fixed altitudes for different times after the HF pump onset on
21 February 2013 at fH = 7.1 MHz. T0 denotes the onset of the O/X transmission pulse. (a) The O-mode transmission pulse. The scale of power was changed at
13:01:35 UT due to the attenuation of the downshifted plasma line spectra. (b) The X-mode pulse. The scale of power was changed at 12:47:40 UT due to the
enhancement of the downshifted plasma line spectra.
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Figure 5. The same as in Figure 3 but at fH = 5.423 MHz. T0 denotes the onset of the O-/X-mode transmission pulse. (a) The O-mode transmission pulse. (b) The
X-mode pulse. The scale of power was changed at 14:47:15 due the strong enhancements of the plasma line spectra.
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Figure 6. The same as in Figure 4 but at fH = 5.423 MHz. T0 denotes the onset of the O-/X-mode transmission pulse. (a) The O-mode transmission pulse. (b) The
X-mode pulse.
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Figure 7. Plasma and ion line spectra derived from the EISCAT UHF raw data with a 5 s resolution on 22 October 2013 at five altitudes for different times after
the onset of the transmission pulse at fH = 7.1 MHz. T0 denotes the onset of the X-mode transmission pulse. (a) The plasma line spectra. (b) The ion line spectra. The
X-mode HF pump wave with the effective radiated power of about 550 MW was radiated toward the magnetic zenith from 16:01 to 16:11 UT. The scale of powers
was changed at 16:01:50 UT due to the strong enhancements of the plasma and ion line spectra.

Journal of Geophysical Research: Space Physics 10.1002/2017JA023880

BLAGOVESHCHENSKAYA ET AL. COMMENT ON WANG ET AL. (2016) 11



from Figure 7, the plasma and ion line spectra clearly revealed features typical for X-mode pumping but not
for O-mode pumping. Their intensities gradually increased and saturated at 16:01:50 UT within 50 s after the
heater turned on, while in the course of O-mode heating the strongly enhanced ion and plasma line spectra
appeared from the cold start in the first 5 s radar data dump. The specific feature in the behavior of ion line
spectra was the presence of two maxima at different altitudes in the downshifted ion line intensities (see
Figure 7b). The first maximum is located at 228 km, and the second one is at 237 km. The same feature
was often observed in a large body of our X-mode experiments carried out at pump frequencies both below
and above the critical frequency of the F2 layer, fH ≤ foF2 and fH> foF2 (Blagoveshchenskaya et al., 2014, 2015).

To summarize, the comparison between the X- and O-mode plasma and ion line spectra derived with a 5 s
resolution clearly exhibits the radical differences that allows us to distinguish correctly the HF-enhanced
plasma and ion lines (HFPLs and HFILs) excited by the X- and O-mode HF pump waves.

3. Discussion of WANG2016 Flows and Summary

We turn now to a step-by-step analysis of the WANG2016 flows. Their analysis fails due to the following
reasons.

1. WANG2016 stated that “the HFPLs and HFILs excited by O- and X-mode pumpwaves cannot be separated
in EISCAT UHF radar spectra.”

We propose to distinguish the O- and X-mode effects according to the development after the heater turned
on and specific features of the HF-enhanced plasma and ion line spectra. The radical difference between the
X- and O-mode plasma and ion line spectra derived with a 5 s resolution was clearly demonstrated in section 2
and Figures 2–7. Namely, under O-mode HF pumping the abrupt enhancements in the ion and plasma line
spectra appeared from the cold start just immediately after the heater turned on and were seen in the first
5 s radar data dump. Thereafter, Langmuir and ion-acoustic waves are normally quenched by fully generated
artificial small-scale field-aligned irregularities (FAIs) preventing further generation of the PDI (Stubbe, 1996).
However, under high effective radiated power conditions, the reappearance of the enhanced ion and plasma
lines could occur after overshoots. Such a situation was observed during the O-mode pump pulse at
fH = 7.1 MHz when HF-enhanced upshifted and downshifted ion lines reappeared (see Figure 2a, top row,
and Figure 4a).

The X-mode ion and plasma lines delayed relative to the pump onset. Thereafter, their intensity gradually
increased and saturated within about 1 min or even longer. Plasma and ion line backscatter, coexisting with
the strong artificial field-aligned irregularities, were observed through the whole transmission pulse
(Blagoveshchenskaya et al., 2014, 2015).

2. WANG2016 stated that “the leakage to O-mode wave at least 2% - 3% ERP under X-mode heating in the
course of the experiment on October 22, 2013”.

In the course of the experiment on 22 October 2013 the effective radiated power of the X-mode wave varied
between 540 and 548 MW with a peak gain at azimuth Az 180° and Zen 12° (transmission was produced into
the magnetic zenith, MZ). The leakage to the O-mode was about 10 MW with a peak gain at Az 359° and
Zen 27°. It means that the transmission of the O-mode wave occurred in the northward direction under
low-elevation angles, but not into the MZ, confirming that the leakage effect did not exceed 1%.

3. WANG 2016 stated that “the HFILs and HFPLs excited by O- or X-mode cannot be separated in the spec-
trum due to the power leakage problem”.

The power leakage effect to the O-mode wave in the course of the X-mode HF heating can be easily recog-
nized from the growth time and specific features of the plasma and ion line spectra. Even if the power leak-
age is enough to exceed the excitation threshold of the PDI, the abrupt enhancements in the ion and plasma
line spectra would appear just immediately after the pump onset in first 5 s radar data dump. In next few 5 s
radar data dumps they are quenched by fully generated FAIs. If the leakage effect is negligibly small, we
would expect the appearance of the X-mode plasma and ion line delayed relative to the onset of HF pump-
ing. Thereafter, their power would gradually enhance, saturating within about 1 min.

4. WANG2016 stated that “the parametric instability excited by O/X-mode pumpwave in the course of the X-
mode heating can be distinguished according to the different excitation heights.”
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WANG2016 separated the O- and X-mode effects according to the reflection height of O- and X-mode waves
taken from ionograms recorded between heater pulses. In the course of the X-mode experiment on 22
October 2013 (case 1 by WANG 2016) downshifted HF-enhanced ion lines were excited at two different
altitudes. They concluded that two downshifted HFILs at different heights were produced by the X- and
O-mode pump waves. Because of that they attributed the downshifted ion line at the O-mode reflection
height to the small leakage to the O-mode during X-mode heating. As shown in section 2, in this case, the
O-mode typical features should be observed near the reflection altitude in the first 5 s radar data dump
(see Figures 2a, 3a, and 4a). The simultaneous appearance of two downshifted ion lines at different altitudes
is a typical feature in a large number of our EISCAT X-mode experiments carried out both at pump frequen-
cies fH < foF2 and fH > foF2 (Blagoveshchenskaya et al., 2014, 2015). In the latter case even the small O-mode
leakage is completely excluded.

However, the analysis of the 5 s UHF radar plasma and ion line spectra on 22 October 2013 clearly revealed
features typical for X-mode pumping (see Figure 7 in section 2). It is important that the excitation of the PDI
and /or OSTI requires a parallel electric field of the HF pump wave near the reflection altitude. However, the
electric field of the X-mode wave is perpendicular to themagnetic field. We could suggest that some effective
mechanism at the reflection height of the X-mode wave is acting, providing the conversion of the transverse
electric field into the parallel one. For example, Fejer and Leer (1972) suggested that an exciting X-mode HF
pump wave at the reflection height could be converted into the excited O-mode electromagnetic wave
through the electromagnetic instability. Other conversion mechanisms could also act during the X-mode
heating. More careful studies, both theoretical and experimental, are required in order to find out the
mechanisms of the partial conversion of the transverse electric field of the X-mode pump wave into the
parallel one. The excited wave with the parallel electric field could penetrate to the transformation point near
the O- or Z-mode reflection altitude and produce PDI/OTSI.

5. The analysis of alternating O-/X-mode experiment on 19 October 2012 (case 2 from WANG2016) is not
correct.

The Figure 2 by WANG2016 is not consistent with observational facts. Overview of the undecoded down-
shifted plasma line power and ion line backscatter power (raw electron density) obtained from the EISCAT
UHF raw radar data with a 30 s integration time in the course of the alternating O-/X-mode heating experi-
ment on 19 October 2012 from 17 to 19 UT clearly demonstrated the appearance of HF-enhanced ion and
plasma lines for every O- and X-mode pulse except for the last O-mode heater pulse from 18:46 to 18:56
UT. It is important that in the course of every transmission pulse the UHF radar was scanned in the elevation
angle between 76 and 80° with 1° steps every 2 min. However, the analysis by WANG2016 did not take into
account this important feature of the experiment. The strongest HFPLs and HFILs were observed in the vici-
nity of themagnetic field-aligned direction at Tromsø (77–79°). At fH = 6.2 MHz the enhanced backscatter was
observed in every transmission pulse. To the end of the O-mode pump pulse from 17:31 to 17:41 UT the hea-
ter wave penetrated the ionosphere, but in the next X-mode pulse from 17:46 to 17:56 UT, when fH exceeded
the critical frequency foF2 (fH > foF2), sufficiently strong enhanced plasma and ion lines were excited near
magnetic zenith (77–79°). At fH = 5.423 MHz relatively strong HFILs and HFPLs were excited during the
X-mode pulse from 18:01 to 18:11 UT and much weaker signatures only near the magnetic zenith could be
seen from 18:31 to 18:41 UT. The O-mode HF pump wave penetrated the ionosphere from 18:16 to 18:26
UT. What was revealed from Figure 2 by WANG2016? They found the only X-mode transmission pulse in
which the HF-enhanced plasma and ion lines were observed. However, the HFILs were also observed in
the preceding O-mode pulse that is not seen in Figure 2 by WANG 2016. The comparison between the O-
and X-mode effects and the excitation of the PDI and OTSI near the reflection altitude of the X-mode HF
pump wave for the same pump pulses has already been shown by Blagoveshchenskaya et al. (2014).

6. WANG2016 stated that “according to the nearby ionosonde records, the O-mode heating wave pene-
trates out the ionosphere from 12:01 UT to 14:26 UT, which is the under-dense heating” (case 3 by
WANG2016).

In the course of the experiment on 21 February 2013 the HFPLs and HFILs at 7.1 MHz were produced by both
the O- and X-mode HF pump wave, as shown in section 2 and Figure 1. Thus, the O-mode wave was certainly
reflected from the ionosphere. This confirms that reflection altitudes of the O- and X-mode waves, obtained
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from the ionosonde records between the transmission pulses, while it provides a rough measure of such alti-
tudes, could be incorrect and could not be used for the separation of the O- and X-mode effects.

7. WANG2016 stated that “strong HF-induced plasma and ion lines at pump frequency of 7.1 MHz were
observed near the reflection height of the X-mode wave” (case 3 by WANG2016).

It is not evident at what altitudes they were excited. In section 2 we presented results of a detailed analysis
and comparison between the plasma and ion line spectra derived from raw UHF radar data with a 5 s resolu-
tion, excited by O- and X-mode heating wave at fH = 7.1 MHz (see also Figures 2a, 3, and 4). As seen from
Figure 3, the X-mode downshifted plasma line spectrum appeared within 15 s after the pump onset (T0) at
an altitude of 225 km, which is 3 km higher as compared to the initial appearance of the O-mode plasma line
spectrum in the first 5 s radar data dump. The X-mode ion line spectrum, similar to the plasma line spectra,
also appeared within 15 s after T0 at the same altitudes as the O-mode ion line spectrum in the first 5 s radar
data dump (see Figure 4). Therefore, it is not possible to separate the O- and X-mode effects according to
their reflection heights from ionosonde records between heater pulses alone as was done by WANG2016.
However, the evolution of the enhanced plasma and ion line spectra after T0 and their spectral features pro-
vide sufficient evidence to clearly distinguish the O- and X-mode effects.

8. WANG2016 stated that “ascending and descending echoes of the HFPLs and the HFILs are observed at X-
mode heating periods…” (case 3 by WANG2016).

Ascending and descending echoes of the HFPLs and the HFILs by WANG2016 observed at X-mode heating
periods from 13:16 to 13:26 UT and 13:46 to 13:56 UT were caused by background ionospheric changes.
From 13:16 to 13:26 UT the background ionosphere dropped and reflection altitudes increased. In the course
of the pump pulse from 13:46 to 13:56 UT the background ionosphere enhanced and reflection altitudes
decreased. This has nothing to do with descending structures observed at the EISCAT/heating and HAARP
under O-mode pumping, which were reported and discussed by Dhillon and Robinson (2005), Ashrafi et al.
(2007), Pedersen et al. (2010), and Mishin et al. (2016). However, such descending ion line backscatter was
observed at O-mode pumping at 7.1 and 5.423 MHz on 21 February 2013 and could be clearly recognized
from Figures 4 and 6 in section 2.

9. WANG2016 stated that “no obvious plasma lines are observed during the O-mode heating cycle” (case 3
by WANG2016).

Such statement is incorrect. The intense HF-enhanced plasma lines under O-mode heating at 7.1 and
5.423 MHz were observed in the first 5 s UHF radar dump as shown in section 2 (see Figures 2a and 2b,
top rows, and Figures 3a and 5a).

10. WANG2016 stated that “the electron temperature increases in every cycle of heater switching on” (case 3
by WANG2016).

Intense HF-enhanced ion lines were excited throughout the experiment on 21 February 2016. This does not
make it possible to perform the proper estimations of the electron temperature (Te) at the resonance altitude
due to a high residual to the fitting. Estimations of the Te in the course of the alternating O-/X-mode EISCAT
heating experiment, when HFILs were not excited, were performed by Blagoveshchenskaya et al. (2015). It
was shown that under X-mode heating the Te increases were weak (about 20% above the background values),
when the heater frequency was below the critical frequency foF2, and increased up to 50%, when fH exceeded
foF2. At the same time the O-mode heating demonstrated very strong Te increases up to 300%, when fH ≤ foF2.

11. WANG 2016 stated that “Figure 3 demonstrates the behavior of HFPLs and HFILs in the course of alter-
nating O/X-mode heating experiment on February 21, 2013” (case 3 by WANG2016).

The Figure 3 by WANG2016 is not consistent with observational facts (see comments above for case 3 by
WANG2016).

12. WANG2016 stated that “Table 1 summarizes the parametrically excited plasma waves observed in the
three cases.”

The presence of downshifted HFPLs, upshifted, downshifted, and zero-offset ion lines in the Table 1 is incor-
rect due to the incorrect separation of the O- and X-mode effects (see all comments above and section 2).
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13. WANG2016 stated that “Table 2 presents the threshold of the parallel electric field for exciting the para-
metric instability at the reflection heights of the X-mode heating wave for the three cases.”

Equations (9) and (10) by WANG2016 are appropriate to the case of “classic” resonance parametric decay
instability/oscillating two-stream instability excited from the cold start as an immediate response to the
pump onset and are seen as overshoot in the first few radar data dumps. It is realized under O-mode HF
pumping at heater frequencies fH ≤ foF2. The same is true for Figure 4 by WANG 2016. It is important that
the O-mode FAIs at EISCAT were generated for effective radiated power ERP < 4 MW O-mode waves
(Wright et al., 2006).

The radically different behavior of the persistent Langmuir and ion-acoustic waves are typical for the X-mode
HF pumping. They are excited, both at fH ≤ foF2 and foF2 < fH ≤ fxF2, not from the cold start, their intensity
gradually enhanced and saturated within about 1 min. This clearly demonstrates the other type of the para-
metric instability, which, most likely, could be of nonresonance type and requires higher electric field thresh-
old. More careful studies, both theoretical and numerical, are needed in order to detail the processes and
mechanisms of the partial conversion of the X mode into O and Z mode. How the parallel component of
the electric field under X-mode heating is generated, however, is not discussed and explained.
Unfortunately, apart from the leakage to the O mode, results by WANG2016 do not explain the potential
mechanisms for PDI and OTSI and do not add any ideas to understanding the physical factors accounting
for parametric instability generated by an X-mode HF pump wave.

14. WANG2016 concluded that “HFPLs and HFILs observed at the reflection height of the X-mode heating
wave provide direct evidence that the PDI or OTSI was excited during the X-mode heating periods.”

This was shown in more detail by Blagoveshchenskaya et al. (2014, 2015).

In summary we conclude the following.

We have found that the evolution of the X- and O-mode plasma and ion line spectra after the heater turned
on clearly exhibits the radical difference. Under O-mode pumping the abrupt enhancements in the ion and
plasma line spectra were seen in the first 5 s radar data dump. The X-mode ion and plasma lines delayed rela-
tive to the onset of HF pumping. Thereafter, their intensity gradually increased and saturated within about
1 min or even longer. Thus, the parametric decay instability excited by O-/X-mode pump wave can be distin-
guished according to their different development after the pump onset.

We have shown that an analysis of our EISCAT observations by WANG2016 is flawed. The serious limitation in
their analysis and interpretation of the PDI/OTSI is the use of a 30 s integration time of the UHF radar data,
which practically annihilate the difference in the development of the X- and O-mode effects. Their conclu-
sions based on the incorrect separation of the X- and O-mode effects are wrong.

HF heating experiments analyzed by WANG2016 were planned and carried out by Dr. Blagoveshcheskaya
and her team during EISCAT Russian heating campaigns. To think up and to conduct a successful experimen-
tal campaign requires the significant efforts and expertise, and it is important to give proper credit to those
who make such experiments a success. The campaign authorship details are shown in the Madrigal database
and should be quoted when the data are used. Own results by WANG2016 involved the data processing and
theoretical interpretation. The former was incorrect and the latter did not add anything new to understand-
ing the physical factors accounting for parametric instability generated by an X-mode HF pump wave.
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