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Abstract The ultrahigh-frequency observation during an ionospheric heating experiment on 11 March
2014 at the European Incoherent Scatter Scientific Association Tromsg site illustrated a remarkable
extension of observing altitudes of the enhanced plasma line and the ion line, implying that the enhanced
ion acoustic wave and Langmuir wave should satisfy the Bragg condition within the extending altitude range.
An analysis shows that the dependence of the wave number of the traveling ion acoustic wave on the profiles
of enhanced electron temperature and ion mass, as are expected from the dispersion relation of the ion
acoustic wave, leads to the extension of observing altitudes of the enhanced ion line. In addition, the altitude
extension of the enhanced plasma line is dependent mainly on the profile of the electron density, although it
is not independent of the profile of the electron temperature. Considering a small gradient profile of
electron density, however, the enhanced electron temperature, as well as the thermal conduction along
the magnetic field, may lead to the altitude extension of the enhanced plasma line.

1. Introduction

Only temperature and density modifications were originally intended in early ionospheric heating experi-
ments, but a much greater variety of physical phenomena have been observed. One of the most interesting
of these physical phenomena is the enhanced plasma line and the ion line observed by incoherent scatter
radar (ISR).

The pump-enhanced plasma line and ion line can be interpreted by parametric decay instability (PDI) and
oscillating two-stream instability (OTSI) (Stubbe et al., 1992), which has been studied extensively (Chen &
Fejer, 1975; DuBois & Goldman, 1965, 1967; Drake et al., 1974; Fejer, 1979; Kohl et al.,, 1993; Kuo & Cheo,
1978; Kuo & Fejer, 1972; Perkins & Flick, 1971; Perkins et al., 1974; Rosenbluth, 1972; Silin, 1965; Stubbe
etal, 1992; Wu et al., 2006, 2007). Based on some measurements obtained by ISR during ionospheric heating
experiments, the structure of the ISR spectrum (Carlson et al., 1972; Dubois et al., 1988; Gordon & Carlson,
1974; Hagfors et al., 1983; Kantor, 1974; Kohl et al., 1993; Kuo & Fejer, 1972; Nordling et al., 1988; Stubbe
et al, 1985, 1992), the threshold to excite PDI and OTSI (Bezzerides & Weinstock, 1972; Dubois & Goldman,
1972; Perkins et al, 1974; Weinstock & Bezzerides, 1972), and the characteristic time of PDI and OTSI
(Carlson et al., 1972; Gordon & Carlson, 1974; Jones et al., 1986; Kantor, 1974; Kohl et al., 1993; Stubbe et al.,
1985) have been investigated. Additionally, PDI and OTSI can be excited by the O-mode pump (Carlson
et al., 1972; Kantor, 1974) and by the X-mode pump (Blagoveshchenskaya et al., 2014).

Based on the Zakharov model, DuBois et al. (1988) developed a new theoretical approach called strong
Langmuir turbulence (SLT), which has led to new insights into the enhanced plasma line and ion line
induced by ionospheric heating. The ISR spectrum induced by SLT contains a caviton continuum plus a free
mode in the plasma line spectrum and a zero-frequency feature in the ion line spectrum (Cheung et al,,
1992, 2001; Dubois et al., 1988, 1990, 1993a, 1993b, 2001). SLT can be excited by the pump slightly above
the threshold for PDI in the region very close to the reflection altitude of the pump (Cheung et al., 2001;
Dubois et al.,, 1990, 1993a, 2001). For ionospheric parameters, PDI and SLT may coexist (Djuth & Dubois,
2015; Dubois et al., 1988, 1990, 1991). PDI may play a role in the first few milliseconds following the pump
onset, whereas the Langmuir turbulence is sustained by SLT after PDI (Djuth & Dubois, 2015; Dubois et al.,
1988, 1990, 1991).

However, no well-grounded theoretical model can comprehensively explain the enhanced plasma line and
ion line and be accepted universally. Stubbe et al. (1992) claim that the propagating Langmuir and ion
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acoustic waves represent the major features and parametric decay represents the major process within the
field of Langmuir turbulence, whereas Cheung et al. (1992, 2001), Dubois et al. (1990, 1993a, 1993b), and
Kohl et al. (1993) support the theory that SLT can interpret those observations obtained by ISR more reason-
ably, and PDI and SLT may coexist.

Usually, the pump-enhanced Langmuir wave and ion acoustic wave are induced by PDI and OTSI in the
altitude range extending from the reflection altitude of the pump downward to altitudes where resonant
Langmuir waves having large wave numbers are heavily Landau-damped (Stubbe et al.,, 1992). The width
of the excitation range is 0.1H, where H is the scale height of the ionosphere plasma (Stubbe et al., 1992).
The enhanced Langmuir wave and ion acoustic wave traveling downward can be observed by radar at
the altitude where the Bragg condition is satisfied (Kohl et al., 1987, 1993; Stubbe et al,, 1992). Stubbe
et al. (1992) and Kohl et al. (1993) presented an altitude profile of the normalized ion line power, which
showed the extending altitude of ~3 km to 5 km. This profile is always valid at the European Incoherent
Scatter Scientific Association (EISCAT) UHF radar, but it is difficult to explain. Stubbe et al. (1992) and Kohl
et al. (1993) thought the profile was due to the virtual observation at a frequency of 933 MHz/2. Djuth
et al. (1994) also reported some observations obtained at EISCAT that the plasma turbulence plunged
downward and extended in altitude over timescales of tens of seconds after the pump went on and sug-
gested that this phenomenon was most likely caused by the change in the electron density profile
brought about by the heating of the ionospheric plasma. The EISCAT UHF radar observed a persistent
enhancement in ion line induced by an O-mode pump at a frequency of 5.423 MHz, which started at
~230 km and descended to ~220 km within ~60 s in the heating period (Ashrafi et al., 2006). Ashrafi et al.
(2006) suggested that the clear descent in the altitude of the enhanced ion line represented the change
in electron density during heating. The EISCAT very high frequency (VHF) data also showed the descent
in altitude of the enhanced ion line and plasma line during heating, which was also attributed to the
variety of profiles of electron density induced by heating in the vicinity of the reflection altitude
(Cheng et al., 2013). In addition, Wang et al. (2016) presented an experimental observation that showed
the extending altitude of the enhanced ion line, which was attributed to PDI excited by the pump in the
X mode.

In this paper, particular attention is not paid to the excitation of the enhanced plasma line and ion line but
rather to the altitude extension of the enhanced ion line and plasma line, and a new explanation responsible
for the phenomenon is given.

2. Experiment and Data

The ionospheric heating campaign reported here was carried out at 12:32:30 UT-14:30 UT (universal time)
on 11 March 2014 at the EISCAT site near Tromsg in northern Norway (69.58°N, 19.21°E, magnetic dip
angle | = 78°). The experiment involved the EISCAT heater (Rietveld et al, 1993, 2016) used to modify
the F region of the ionosphere and EISCAT UHF ISR (Rishbeth & Van Eyken, 1993) as the principal means
of diagnosis. A detailed description of the experimental arrangement has been given by Wu, Wu, and Xu
(2016) and Wu et al. (2017). In short, the O-mode pump frequency was operated from 6.7 MHz to 7 MHz
and changed in a step of 2.804 kHz with a period of 10 s, as shown in Figures 1 and 2 (seventh panels)
and 3 (bottom). The effective radiated power of the pump was calculated to be in the range of
56 MW-78 MW; that is, the electric field at an altitude ~200 km should be in the range of 0.3 V/
m-0.35 V/m (Rietveld et al., 1993), which can satisfy the threshold (~0.1 V/m) of PDI for the typical F region
ionosphere (Robinson, 1989). Moreover, the beam of the EISCAT heater and the UHF ISR were directed to
field alignment (actually 12° south of the zenith).

The ionospheric and geomagnetic conditions were relatively inactive during the experiment. The total
magnetic strength at altitude 200 km varied in the interval of [49,210 nT, 49,240 nT], which was obtained
by extrapolating the total magnetic data provided by Tromse Geophysical Observatory, UiT, The Arctic
University of Norway, where “[ ] is the closed interval. Correspondingly, the fifth electron gyroharmonic at
altitude 200 km is in the interval of [6.8922 MHz, 6.8964 MHz], which lies in the interval of pump frequency
fur [6.7 MHz, 7 MHz] exactly. Moreover, the measurement of the Dynasonde at EISCAT showed that the mean
critical plasma frequency of the ionosphere was ~9 MHz at the F, cutoff altitude of ~280 km from 12:30 UT to
14:00 UT and decreased to ~8.54 MHz from 14:00 UT to 14:30 UT.
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Figure 1. The ion lines at altitudes of (first panel) 215.43 km, (second panel) 212.5 km, (third panel) 209.57 km, (fourth panel) 206.63 km, (fifth panel) 203.7 km, and
(sixth panel) 200.77 km versus (seventh panel) heating cycles.
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In addition, to measure the effect induced by the pump for each step of frequency, the radar data were ana-
lyzed using an integration time of 10 s by version 8.7 of Grand Unified Incoherent Scatter Design and Analysis
Package (Lehtinen & Huuskonen, 1996) and version 2.67 of Real Time Graphic provided by EISCAT.

To facilitate the following description and discussion, it is necessary to give the convention of the division of
fur: the pump frequency band of [6.7 MHz, 7 MHz] can be divided into three bands according to the depen-
dence of the ion line on fiyr shown in Figure 1, namely, the higher band (HB, above 5f, where f. is the local
electron gyrofrequency at altitude ~200 km with a value of ~1.366 MHz in Tromsg), the gyroharmonic band
(GB, close to 5fc), and the lower band (LB, below 5f..). For instance, we choose the HB to be (6.871028 MHz,
7 MHz], the GB to be [6.837383 MHz, 6.871028 MHz], and the LB to be [6.7 MHz, 6.837383 MHz) in the first
cycle, which are marked with [12:30:00 UT, t;), [t;, to] and (t, 12:48:00 UT], respectively, as indicated on the
abscissa in Figures 1, 2, and 3 where t; denotes 12:37:40 UT, t, 12:39:40 UT, “( )" the open interval and “[ 1"
the closed interval. Here it should be stressed that due to the slight variation of the geomagnetic field, 5f.
was not a constant but varied slightly. Thus, the above division in each cycle should be slightly different.

In Figure 1 (first to sixth panels), the ion lines within the interval of [—20 kHz, 20 kHz] at altitudes of 215.43 km,
212.5 km, 209.57 km, 206.63 km, 203.7 km, and 200.77 km, respectively, are given. When f, lies in the GB, the

Relative intensity

o
NN

12:48 13:00 13:18 13:30 13:48 14:00 14:18 14:30
Heating cycles (UT)

Figure 2. The plasma line at altitudes of (first panel) 210.25 km, (second panel) 207.32 km, (third panel) 204.39 km, (fourth panel) 201.45 km, (fifth panel) 198.52 km,
and (sixth panel) 195.58 km versus (seventh panel) heating cycles.
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Figure 3. The electron temperature T, versus heating cycles.

enhanced ion line reaches ~1 and occurs at altitudes of 206.63 km in the first heating cycle (12:30 UT-12:48
UT), 215.43 km in the second heating cycle (13:00 UT-13:18 UT), 209.57 km in the third heating cycle (13:30
UT-13:48 UT), and 212.5 km in the fourth heating cycle (14:00 UT-14:18 UT). At other altitudes, however, some
gaps or weak ion line spectra appear, which are caused by the normalization to the strongest value of the ion
line at any specific time and altitude and do not imply a real decrease in the ion line or any unusual response.

When fi¢ steps in the HB, the enhanced ion line of up to ~0.85 occurs at a lower altitude than in the GB and is
distributed within a remarkably wide altitude range, for instance, at altitudes of 209.57 km and 206.63 km in
the fourth heating cycle. Moreover, two prominent features shared in the HB and GB are the significant
“spikes” in the center of the ion line spectra, which are the manifestation of the oscillating two-stream instabil-
ity (OTSI) or the purely growing instability and the significant “shoulders” lying at a frequency of ~9.45 kHz,
which is the confirmation of the parametric decay instability (PDI) (Kohl et al., 1993; Stubbe et al., 1992).

When fi is in the LB, the ion line shows a decrease in intensity instead of an enhancement. Namely, no
significant “spikes” and “shoulders” are found in those ion lines. The mechanism responsible for the decrease
in the ion line in the LB is beyond the scope of this paper.

Usually, the altitude of the plasma line is approximately 3 km-5 km lower than the altitude of the ion line at
EISCAT UHF (Kohl et al., 1993; Stubbe et al., 1992). Accordingly, the downshifted plasma lines within the
frequency range of [—6.7 MHz, —7.25 MHz] at altitudes of 210.25 km, 207.32 km, 204.39 km, 201.45 km,
198.52 km, and 195.58 km are illustrated successively from Figure 2 (first to sixth panels). One can find the
distribution of the altitude of the enhanced plasma line as analogous to the distribution of the altitude of
the enhanced ion line. In the GB, some strong enhanced plasma lines reach ~1 and are located at altitudes
of 204.39 km, 201.45 km, and 198.52 km in the first heating cycle; 210.25 km and 207.32 km in the second
heating cycle, and 207.32 km and 204.39 km in the third and fourth cycles. In the HB, however, those
enhanced plasma lines plunge downward in altitude and are located at altitudes of 201.45 km, 198.52 km,
and 195.58 km in the first heating cycle; 207.32 km and 204.39 km in the second heating cycle; and
207.32 km, 204.39 km, and 201.45 km in the third and fourth cycles. In the LB, the enhancement in the plasma
line has not been found at any of those altitudes. In a way similar to the ion line, these plasma lines show simi-
lar weakening intervals caused by the normalization, but they occur in the GB and HB.

At those altitudes, there are two “bands” of plasma lines in the HB and GB, the lower one of which lies at
frequency fir — fia as is expected for a “decay line” from PDI excited by the pump, where f, is the frequency
of ion acoustic wave and ~9.45 kHz here, and the upper one of which is the spread of the plasma lines and
occurs only at higher frequencies of (~6.93 MHz to ~7.15 MHz). Some possible explanations of the upper
“band” of plasma lines, such as the interaction of four plasma waves (Borisova et al., 2016), the inhomoge-
neous increase in electron density by irregularities induced by the pump (Wu et al,, 2016), and the free
Langmuir wave excited by SLT (Dubois et al., 1988, 1990, 1991, 1993a, 1993b), were given (Wu et al., 2017),
but the nature of the upper “band” of plasma lines still remains open.
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Figure 3 gives the altitude profile of electron temperature T, with the height resolution of 13 km-19 km as a
function of the heating cycle. Near an altitude of ~200 km, the enhancement in T is evidently a function of ff,
that is, Te 200 > Ten200 > TegB200, Where Te goo0, Ters200, @aNd Tegra2oo are the electron temperatures in the LB,
HB, and GB, respectively, near an altitude of ~200 km. The means of Te g200, Tenp200, @aNd Tegr200 are ~2,782 K,
~2,687 K, and ~2,268 K in the first heating cycle; ~2,882 K, ~2,505 K, and ~2,103 K in the second heating cycle;
~2,815K, ~2,581 K, and ~2,348 K in the third heating cycle; and ~2,667 K, ~2,599 K, and ~2,186 K in the fourth
heating cycle. This change in T, with f¢ is dependent on the dispersion behavior of the electrostatic upper
hybrid waves excited by an O-mode pump lying in the GB, HB, and LB (Borisova et al., 2014, 2016; Dysthe
et al.,, 1982; Gurevich et al.,, 1995; Mjglhus, 1993; Robinson et al., 1996; Wu et al., 2017). In general, the upper
hybrid resonance altitude of the pump is approximately 2 km-10 km lower than the reflection altitude of
the pump, which is dependent on the altitude profile of the ionospheric electron density (Gurevich, 2007).

Figure 4 illustrates the ratio of the oxygen ion density Ny to the electron density N, and the ratio of the nitric
oxide ion plus molecular oxygen ion density N(o++No+) to the electron density N, as a function of altitude,
2

which is given by International Reference lonosphere 2007 (IRI-2007) model (Bilitza & Reinisch, 2008) and is
invoked by the version 8.7 of Grand Unified Incoherent Scatter Design and Analysis Package (Lehtinen &
Huuskonen, 1996). Note that the mass of OF is approximately equal to the mass of NO'; thus, O and NO*
are considered in the combining way. Moreover, for the sake of simplicity, only 0%, OF, and NO™ are consid-
ered, whereas hydrogen ion H*, atomic nitrogen ion N*, and helium ion H are ignored due to the small mass

or the small percentage. Indeed, the frequency of the ion acoustic wave mode corresponding to H* fi,+ = 22—’;'

y,'ff—:f ~ 46kHz, which is excluded in the ion line channel of [— 40 kHz, 40 kHz] of UHF radar, where k, is the

wave number of UHF radar, y is the adiabatic index, K is the Boltzmann constant, m;+ is the mass of H*, and
T.is set as the 2,186 K, namely, T.gg200 in the fourth heating cycle. In other words, the ion acoustic wave mode
corresponding to H" cannot be observed by the UHF radar. Similarly, the frequencies of the ion acoustic wave
modes corresponding to N* and H are ~12.2 kHz and ~22.8 kHz, respectively, which deviate greatly from the
examined frequency of the enhanced ion line ~9.45 kHz. Additionally, in the examined altitude range of
200.77 km to 215.43 km, the percentages of H*, N¥, and H_ are so small that they cannot be given by
IRI-2007. Figure 4 obviously shows that NNL* descends monotonically with the descent in the altitude, and
the gradient of'\% becomes steeper in the altitude range of 170 km-260 km. In particular, NNL* has a value
of 0.6 at altitude ~215 km, 0.5 at altitude ~208 km, and 0.4 at altitude ~200 km, implying that O" dominates

+No+

N
above altitude ~208 km, whereas(ozNie) behaves on the contrary and O and NO™ dominate below altitude
~208 km.
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In summary, the altitude characteristics of the enhanced plasma line and ion line induced by PDI and OTSI
show that (1) the altitude of the enhanced ion line and plasma line in the HB are lower than the altitude of
the enhanced ion line and plasma line in the GB, (2) the enhanced ion line and plasma line are distributed
within an extending altitude range, and (3) the altitude extension of the enhanced ion line occurs only in
the HB, whereas the altitude extension of the enhanced plasma line occurs in both HB and GB.

3. Discussion

The Langmuir wave and ion acoustic wave enhanced by PDI and OTSI are observed by a radar in monostatic
operation at the altitude where the Bragg condition is satisfied (Stubbe et al., 1992)

h=ho— Ah (1)

where hy denotes the reflection altitude of the pump, Ah = 12 mKCBZsz TeH, f, is the radar frequency, m, is the

electron mass, c is the velocity of light, and H is the scale height.eOk;{/ioust, Ah is dependent on T, and H of
plasma on the traveling path. For the sake of simplicity, considering the scale height of ~30 km to ~40 km for
the typical ionosphere (Djuth et al., 1994), we can reasonably assume in this study that the reflection altitudes
of the pump in the GB are approximately identical to the reflection altitudes of the pump in the HB, namely,

hor = hoce-

Further, H can be defined as (Liu et al., 2007)
l _ _ldNe _ m;g m/v;,,WD dTp/dh (2)
H™ N.dh KT,  KgT, Tp

where m; is the ion mass, g is the acceleration due to gravity, T, = r,-;re is the plasma temperature, v;, is the

collision frequency of ion with neutrals, and W, is the vertical diffusion velocity of the ions.

Considering atomic oxygen as the most common ion species at the F, region and using m;q+=2.657 x 10~2°kg,
vin = 4.1Hz for the typical ionosphere (Rishbeth & Owen, 1969) and Wp = 3.7m/s (Wu et al., 2017), H and Ah
can be obtained as shown in Table 1. Table 1 illustrates that the higher T.,q0 tends to increase H in the first,
second, and fourth cycles. In the third cycle, however, H in the GB is somewhat larger than in the HB due to
the enhanced temperature in the GB, showing that the higher electron temperature can make electrons over-
come the gravity as well as the collisions more effectively and escape from the heated region, reshaping
slightly the local altitude profile of the ionosphere. In addition, the higher T.,q0 tends to increase Ah in all four
cycles. From the above discussions, the observing altitude should clearly be dependent essentially on the
electron temperature; that is, a higher T,yq0 leads to a lower h.

However, the variations in altitude in the GB and HB in Table 1 are no greater than 1 km, whereas the varia-
tions in altitude in the GB and HB in Figures 1 and 2 are ~3 km. This error should be most likely caused by the
model and the height resolution of the radar. Equation (1) was obtained by assuming the profile of the elec-
tron density Ne(h) = Ne(ho) (1 + "’Hh") rather than the real one (Stubbe et al.,, 1984, 1992). In addition, EISCAT
UHF radar can give only the ion line and plasma line with the height resolution of ~3 km, which certainly
results in the altitude ambiguity.

The most interesting aspect is that the enhanced ion line and plasma line are distributed within an extending
altitude range. Furthermore, the altitude extension of enhanced ion line occurs only in the HB, whereas the
altitude extension of enhanced plasma line occurs in the HB and GB. With regard to the field-aligned obser-
vation of the radar in monostatic operation, the enhanced Langmuir wave and ion acoustic wave traveling
down in a nonuniform but stationary ionosphere will follow the dispersion functions (Kohl et al.,, 1993;
Baumjohann and Treumann, 1997):

KgTe 5
of = @+ 77K 3)
KgT
2 8le 2
ia miekia (4)

where w,,, denotes the Langmuir frequency; k; and k;, are the wave numbers of the Langmuir wave and ion
acoustic wave, respectively; m; is an effective ion mass, and m, is the electron mass. Based on the following
approximations and assumptions, function (4) should be valid in the present study. (1) The ionospheric
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Table 1
Te200, H, and Ah During the Experiment®

GB1 GB2 HB2 HB3 GB3 GB4 HB4
Te200(K) 2,268 2,103 2,505 2,581 2,348 2,186 2,599
H(km) 41.56 39.38 44.33 44.33 45 41.63 46.6
Ah(km) 3.564 3.13 3.962 4.145 3.823 344 432

#The column headings denote the pump frequency bands and the heating cycles, e.g., HB1 for the HB in the first cycle.

plasma behaves quasi-neutral in the stationary state. (2) Due to T; < < T, in the F region, the contribution of
ion thermal pressure is neglected, where T; and T, are the ion and electron temperature and have the means
of 1,172.9 Kand 2,212.5 K at altitude 214.4 km, respectively. (3) The excited ion acoustic wave travels in long
wavelength or small wave number, namely, k,2 72 =0.0006 << 1, where kj; = 2 ~6.207m~", the Debye

a 2r
&K

length Ap = 4 /ﬁef‘-’: 0.004m, and ¢q is the vacuum dielectric constant, Kg is the Boltzmann constant, e is

the electron charge, and N, is the average electron density at altitude 214.4 km.

The dispersion function describes the relation between the wave and the medium. When the enhanced
Langmuir wave and ion acoustic wave travel down in a nonuniform but stationary ionosphere, ; and w;, will
not change, whereas k; and k;; may change. Furthermore, the change in k; should depend on w,. and T, and
the change in kj; on m; and T.. In other words, w,. and T, may be compensated by each other to keep k;
unchanged. Similarly, to keep k;, unchanged, m; and T, may compensate each other.

Figure 4 shows that O* is dominant above altitude 208 km, whereas NO* and O3 dominate over O" below
altitude 208 km, implying that the term ml in equation ((4)) will decrease with the descent in altitude, namely,
with a positive gradient. However, Figure 3 shows that the strong enhancement in T, occurs at altitude
~200 km, where the upper hybrid resonance occurs (Dysthe et al., 1982; Gurevich et al, 1995; Mjglhus,
1993; Robinson et al., 1996; Wu et al,, 2017). Unfortunately, however, one cannot see the morphology of T,
near altitude ~200 km due to the height resolution of ~15 km. Even so, surely, there should be a negative
gradient of T, above the upper hybrid resonance altitude; that is, T, should become larger from the near alti-
tude of 245.8 km to the upper hybrid resonance altitude. Thus, the gradient of T, is obviously opposite to the
gradient ofm1—l_above the upper hybrid resonance altitude. Similarly, the gradient of w,, in function (3) is oppo-
site to that of T, above the upper hybrid resonance altitude.

Figure 1 shows that ion acoustic waves in the HB can approximately satisfy the Bragg condition within the
extending altitude range due to the competitive balance between the increasing m; and T, with the descent
in altitude within the extending altitude range; that is, m; and T, may be compensated by each other so that%’
and k;, remain approximately unchanged within the extending altitude range. Thus, the altitude range exam-
ined may be covered by multiple range gates. In other words, the enhanced ion acoustic wave can be
observed by UHF radar within the extending altitude range. Note that k;, should satisfy the Bragg condition
approximately rather than fully because the gradient of T, is approximately equal to the gradient of m, albeit
less fully. As an example, the enhanced ion line in the HB in the fourth cycle is examined. In Figure 5 (left),
both m; and T,z become larger with the descent in altitude above altitude 199.6 km. Figure 5 (right) shows
that kiuug has a value of ~37 m™ " above altitude 199.6 km and becomes larger with the descent in altitude

. dkigg | 2458 km Ayl dks| 2298 km Ay dkigg | 2144 kM
below altitude 199.6 km. Moreover, =2 0.8 km ~ 0-029m km™, Tt 144 km~0-008mM km™, Tt 199.6 km™

-1 -1 dk; 199.6 km~ - -1 .. . . .
—0.028m"'km"', and Z e 1862 km™~ — 0-48m km™". This implies that k;,4g remains unchanged approximately

and is very close to 2k, above altitude 199.6 km, satisfying the Bragg condition approximately above altitude
199.6 km. Thus, the enhanced ion acoustic wave can be observed in the altitude range of 199.6 km to
245.8 km.

Thus, a question arises. Why does the enhanced ion line in the GB not occur within an extending altitude
range but at a particular altitude, as illustrated in Figure 1? As shown in Figure 3, when fy lies in the GB,
the enhancement in T, at altitude ~200 km is ~10% and far smaller than the enhancements in T, in the HB
and LB due to the absence of the trapping of the upper hybrid wave in the small-scale irregularities
(Borisova et al.,, 2014, 2016; Dysthe et al., 1982; Gurevich et al., 1995; Mjglhus, 1993; Robinson et al., 1996;
Wu et al., 2017). Thus, we can assume reasonably and approximately that T, has not been modified by the
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Figure 5. The profiles of (left) m;, Togg, and Teng and (right) kjggg and kjgyg Within the altitude range of 162.1 km-245.8 km in the fourth cycle, where m; is the effec-
tive ion mass; Togg and Toyg are the average electron temperature in the GB and HB, respectively; and kj,gg and kg are the wave numbers of the ion acoustic
wave in the GBand HB.m; = Yt m, . + Q Yor Mios,Mig+ = 2.657x1072°kg,and m;o; = 5.314x10~2°kg. Due to m;o; ~mino+, only myo; is utilized here. Tegg is the
mean of the electron temperatare within the |nterna| of [14:07:20 UT, 14:09:10 UT] and TeHB within the internal of [14:11 20 UT, 14:18:00 UT] The frequency of the ion
acoustic wave f;; = 9.45 kHz.

pump in the GB and can be considered a constant rather than a variable within the altitude range examined.
In this case, k;, in dispersion functions (4) will be determined only by m;. In other words, k;, will depend only
on the altitude profile of m;. Due to the monotonicity of the altitude profile of m;, k;, should satisfy the Bragg
condition fully and inevitably at a specific altitude rather than within an extending altitude range. This
specific altitude can be covered by only one range gate of radar. Similarly, the enhanced ion line in the GB
in the fourth cycle is examined. Figure 5 (left) also illustrates that the average electron temperature in the
GB T.gg is enhanced slightly and is far smaller than the average electron temperature in the HB above

Togs|199-6km 1 Tug|2144km 1 Tugp|2458km -1
altitude 199.6 km. Moreover, - 186_2km~6.O9Kkm » 22 90 2k 2.36Kkm"", & 144k 15.52Kkm" ",
Tou | 199-6km N -1 Tets 214.4kmN . -1 Ters 245.8km~ o -1
i 186‘2km~40.82km v 190 km™ — 18:45Kkm™ , and “ge 0~ — 20.65Kkm " . Thus, T can be

considered the constant approximately above an altitude 199.6 km, and k;,gg should be dominated by

the profile of m;, as expected from function (4). In Figure 5 (right), kjzgs has a value of ~39 m~' and

dkaB 245.8km ~
214.4 km”™

—0.018m 'km™'. Below altitude 214.4 km, however, kiogs becomes larger with the descent in aItltude, that

dkiace 214.4 km
15 Zah 1199.6 km™
approximately in the wide altitude range near altitude 214.4 km. In particular, kjz;cg = 39m™

214.4 km, where the enhanced ion acoustic wave will certainly be observed.

remains unchanged approximately in the altitude range of 214.4 km to 245.8 km, namely,

—0.159m"km™". Thus, kiqug is approximately equal to 2k, and satisfies the Bragg condition
! at altitude

The profile of ki;ng is obviously dependent on the profiles of m; and T.g above the altitude 199.6 km,
whereas it is mainly dependent on the profile of m; below the altitude 199.6 km, which is also true for
kiags. With the comparisons between Figure 5 (right) and Figure 1, however, some errors of the extending
altitude range are obvious. The extending altitude ranges in Figure 5 (right) reach ~45 km and ~31 km in
the HB and GB, respectively, whereas Figure 1 indicates that the extending altitude range is ~8.8 km in the
HB and ~3 km in the GB. Those errors may be in two aspects, namely, the uncertainty in the altitude profile
of the effective ion mass and the ambiguity in the altitude profile of electron temperature. In the GB, deB is
small; thus, the larger d’”h' is necessary for the larger <& dk"’GB . Considering a Iarger 9m above 199.6 km, thus, Kiags
above 212.5 km may become smaller and deviate greatly from 39 m™, whereas kiage below 212.5 km will
become larger and also deviate greatly from 39 m™'. This implies that the extending altitude range in the
GB will be compressed greatly. In the HB, however, the ambiguity in the altitude profile of electron tempera-
ture may play an important role. Assuming a smooth altitude profile of the effective ion mass as presented in
Figure 1 (left) and considering a Iarger%above 199.6 km, thus, k;;1g may become larger and deviate greatly
from 39 m™" above altitude 209.57 km. On the other hand, assuming a smooth altitude profile of electron
temperature as presented in Figure 1 (left) and considering a larger % above 199.6 km, thus, ki;ng May
become smaller and deviate greatly from 39 m™" above altitude 209.57 km. The above two considerations

WU ET AL. 925



@AG U Journal of Geophysical Research: Space Physics

10.1002/2017JA024809

Altitude (km)

240

230

220

210

T, (K)
1500 A 2000 2500
240 240
-e-k g
. 230 2304 -A-kp®
~ _2k'
220 220
® E E _#+-..
\ N 210 £ £ 210 Seeall
— - () ! o o N EEN
= 3 2 Ty
-0 -TggM 6200 £ 2 200 RS ..
-A-Tous™ < < AR
e 190 190 S,
», |
_ 180 180
Lo
Pl 170 170
i
-1 -0.5 0 0.5 1 15 0 39 78 17
2 2 2.2 x10" -1
O -0, (rad“s™) kL (m™)

Figure 6. The same as Figure 5 but for the Langmuir wave, where w; = 27 x 6.8MHz, wpe = 27x8.91/Ne, N, is the mean of electron density within the internal of
[14:07:20 UT, 14:09:10 UT], and k;gg and k; g are the wave numbers of the Langmuir wave in the GB and HB, respectively.

in the HB imply that the upper boundary of the extending altitude range will descend; that is, the extending
altitude range in the HB will be compressed greatly.

Thus, it may be seriously questioned whether the uncertainty in the altitude profile of the effective ion mass
or the ambiguity in the altitude profile of electron temperature dominates those errors in this study. As the
above discussions, if a smooth altitude profile of the effective ion mass is assumed, a larger % above
199.6 km will lead to a larger k; g deviating greatly from 39 m~ " above altitude 209.57 km. Then kju5 should
be exactly equal to 39 m™" at altitudes 209.57 km or 206.63 km, so that the intensity in ion line at altitudes
209.57 km or 206.63 km should be strong and up to ~1. However, Figure 1 shows that the intensity in the
enhanced ion line in the HB is up to ~0.85. Thus, it seems that those errors are dominated by the uncertainty

in the altitude profile of the effective ion mass. Indeed, 97

. g is eventually dependent on the ion density

gradients in different species.

Moreover, the extending altitude of ~3 km to ~5 km of the normalized ion line power is contributed to the
virtual observation at a frequency of 933 MHz/2 (Kohl et al., 1993; Stubbe et al., 1992). Based on the above
discussions, however, an alternative explanation is that the altitude extension of ~3 km to ~5 km may be
due to the mutual compensation between T, and m; on the traveling path, although the altitude profiles
of T, and m; were not given by Stubbe et al. (1992) and Kohl et al. (1993). Additionally, there is also a stronger
ion line power higher up between the altitudes of the UHF and VHF plasma lines (Kohl et al., 1993; Stubbe
et al., 1992). Strictly, it is not necessary for the real ionosphere that the enhanced ion acoustic wave and
Langmuir wave are observed at the same altitude, because the dispersion relation of the Langmuir wave is
different from the dispersion relation of the ion acoustic wave; that is, the change in k; is dependent on
wpe and T, on the traveling path, whereas the change in k4 is on T, and m;. In other words, at a specific alti-
tude where the Langmuir wave satisfies the Bragg condition, the ion acoustic wave does not necessarily
satisfy the Bragg condition, and vice versa.

Figure 2 shows that the enhanced plasma line is also distributed within an extending altitude range. Unlike
the enhanced ion ling, the altitude of the enhanced plasma line is extending not only in the HB but also in the
GB, implying that k; in the GB and HB can satisfy the radar Bragg condition within the extending altitude
2. and the increasing T, with the
— cof,e and T, may be compensated by each other so that k; satisfies the Bragg condi-

range. Due to the competitive balance between the increasing w? — o
descent in altitude, w?
tion and remains unchanged within the extending altitude range, which may be covered by multiple range
gates. Thus, the enhanced Langmuir wave can be observed by UHF radar in the extending altitude range.
Figure 6 (left) illustrates the profiles of w} — w2, Tege, and Teup. Similar to m;, wf — wj, trends up with the
descent in altitude, namely, with a negative gradient. Moreover, one can see that w? — cof,e becomes negative
above altitude 208.5 km. This is dependent on the profile of N,; that is, w,. is larger than , above altitude
208.5 km, where the Langmuir wave should reflect. Correspondingly, in Figure 6 (right), the profiles of k;gg

and kg above altitude 208.8 km should be zero. In Figure 6 (right), k;gg and kg are equal to 39 m~" at
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altitudes of ~207 km and ~206 km, respectively, and the profiles of k;cg and k; g almost coincide within the

_ - -1 dkigs 199.6km - -1
5.1m km, s 186.2.6km™ — 2-46mM km

dkigs 214.4km

N -1 dkyus 214.4km
' dh 1199.6km™~

altitude range examined. Moreover, ~dh 1199.6km™ ~

4.59m™km™', and %us lzz;;mkmz —3.03m'km™"; that is, k;gg and k g should satisfy the Bragg condition
approximately within the narrow altitude range near the altitudes of ~207 km and ~206 km. Considering
the height resolution of ~3 km, the enhanced Langmuir wave should be observed in the altitude range of
~203 km to ~210 km. As an altitude function, however, the profiles of T.gg and T.ng do not vary monotonically

within the altitude range of 162.1 km to 245.8 km, whereas w} — @, trends up monotonically with the descent
in altitude. This implies that in our case, a)f — a)f,e should dominate k; gg and k; g; that is, the altitude extension

of the enhanced plasma line in the GB and HB is dependent mainly on the profile of N,, although the altitude
extension is not independent of the profile of T, as expected from function (3).

A typical experimental result is that a narrow altitude extension of the plasma line always accompanies a wide
altitude extension of the ion line (Kohl et al., 1993; Stubbe et al., 1992). Analogous to our result, although it is
not independent of the profile of the electron temperature, the altitude extension of the enhanced plasma
line is dependent mainly on the profile of the electron density, whereas the altitude extension of the
enhanced ion line is dominated by the profiles of ion mass and electron temperature, which may obviously
be compensated by each other.

Even so, this analysis will not contradict that the profile of the enhanced T, may lead to the altitude extension
of the enhanced plasma line. Considering a small gradient profile of N,, the profile of T, may dominate k;; that
is, k. will be dependent on the profile of T, when N, is a constant approximately within the altitude range
examined, as should be expected from equation (3). This may be supported by some other measurements.
The measurements acquired during an ionospheric heating campaign conducted in November 1990 show
that the enhanced plasma turbulence plunges downward in altitude over timescales of tens of seconds
following the HF beam turn on, exhibiting billowing, cloudlike structures, thereafter recovering slightly
toward greater altitudes (Djuth et al., 1994, see plate 1). At the initial stage of evolution of 0.5 £ 5 s, T, will
not be enhanced greatly at the upper hybrid resonance altitude due to the undeveloped small-scale irregu-
larity and less anomalous absorption (Gurevich, 2007). Then, k; will depend only on the altitude profile of the
electron density and satisfy the Bragg condition fully and inevitably at a particular altitude, where the narrow
power profile of the plasma line was observed as shown in the literature (Djuth et al., 1994, see plate 1).
Thereafter, the small-scale irregularities at the upper hybrid resonance altitude begin to govern anomalous
absorption of the pump gradually with increasing time, so T, at the upper hybrid resonance altitude will
be enhanced greatly. Further, the thermal energy should be conducted within an extending altitude range
near the upper hybrid resonance altitude. Then, k; will depend not only on the altitude profile of the electron
density but also on the altitude profile of T, satisfying the Bragg condition approximately within an extend-
ing altitude range. Moreover, the altitude interval becomes lower and lower due to the gradual enhancement
in T, as expected from equation (1), and wider and wider due to the thermal conduction along the magnetic
field. After ~30 s of the pump onset, the diffusion of the plasma along the magnetic field may lead to the
decrease in the local electron density, which is equivalent to the decrease in H and Ah. Additionally, the diffu-
sion of plasma induced by a long pump pulse of ~30 s may slightly reshape the altitude profile of the electron
density (M. T. Rietveld, private communication). Then, the reflection altitude of the pump may move upward.
As a result, a new heating region should be obtained at a greater altitude.

2
per

radar. Comparing Figure 6 (right) with Figure 2, the profiles of k;gg and k; g can match perfectly the obser-
ving altitudes of the plasma lines in the GB and HB in the fourth cycle, thus showing indirectly that the model

It should be stressed that the profiles of @7 — w?,, Tegp, and Tepg Were taken from the measurement of UHF

m; = '\;\%m,m + ( - A;\%*)m,-oA may lead to the errors of the extending altitude range of the enhanced ion
e e 2

line as shown in Figure 5 (right).

4, Conclusions

This paper focuses on the altitude characteristics of the enhanced ion line and the plasma line during an iono-
spheric heating campaign with a pump frequency near the fifth gyroharmonic on 11 March 2014 at the
EISCAT Tromsg site in northern Norway. Those UHF observations show that the observing altitude of the
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enhanced ion line and plasma line varies as a function of pump frequency. The observing altitude of the
enhanced ion line and plasma line in the HB is lower than the observing altitude of the enhanced ion line
and plasma line in the GB. The enhanced ion lines in the HB are distributed within an extending altitude
range, whereas the enhanced ion lines in the GB are observed at a specific altitude. Moreover, the enhanced
plasma lines in the HB and GB are distributed within an extending altitude range.

In conclusion, the altitude characteristic of the enhanced plasma line and ion line are brought about essen-
tially by the thermal effect induced by the heating. (1) The altitude of the enhanced ion line and plasma line is
determined by the electron temperature and the scale height. (2) In the HB, ion mass and electron tempera-
ture may be compensated by each other so that the wave number of ion acoustic wave remains unchanged
and satisfies the Bragg condition approximately within the extending altitude range. (3) Due to a slight
enhancement in the electron temperature in the GB, the wave number of the ion acoustic wave will depend
mainly on the profile of the ion mass and will satisfy the Bragg condition at a particular altitude. (4) The alti-
tude extension of the enhanced plasma line in the GB and HB is dependent mainly on the profile of the
electron density, although they are not independent of the profile of the electron temperature. Even so,
the enhanced electron temperature may lead to the altitude extension of the plasma line by considering a
small gradient profile of electron density.

This study may provide an alternative explanation for the altitude extension of the enhanced ion line and
plasma line during ionospheric heating. Furthermore, an alternative clue for the explanation of an
“overshoot” in the plasma line and ion line occurs when the heating switching is on initially (Djuth et al.,
1994; Kohl et al,, 1993; Showen & Kim, 1978) may be expected.
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