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[1] Plasma lines excited by a powerful, high-frequency (HF) radio wave are studied using
data obtained with an ultrahigh frequency (UHF) radar at HAARP (High Frequency
Active Auroral Research Program) from 3 to 5 February 2005. Of particular interest is
persistent enhancement of the radar backscatter power during HF on at several HF
frequencies. The persistent enhancement is induced with the HF frequency slightly lower
than foF2 by a few hundred kHz; by contrast the persistent enhancement does not
appear when the HF frequency is equal to and higher than foF2 or lower than foF2 by
more than 500 kHz. When persistent enhancements of the radar backscatter power
appear, two case studies show that the local plasma frequency at the reflection height of
the O-mode polarization wave is close to the second or third electron gyroharmonic
frequencies, but one case study shows that the local plasma frequency at the reflection
height is significantly different from the third electron gyroharmonic frequency.
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1. Introduction

[2] Many experiments involving the modification of the
ionosphere with high-power, high-frequency (HF) radio
waves have been performed in the past. These investiga-
tions make use of large ground-based facilities commonly
referred to as HF facilities or heating facilities. The world’s
major HF facilities are (were) the Arecibo observatory,
Puerto Rico (the Arecibo facility, 18.35�N, 66.75�W was
operated from 1971 to 1978; and the Islote facility, 18.48�N,
66.66�W, was operated from 1981 to 1998), the European
Incoherent Scatter (EISCAT) Tromsø site, Norway
(69.59�N, 19.23�E), the Space Plasma Exploration by
Active Radar (SPEAR) at Svalbard, Norway (78.15�N,
16.05�E), HF Active Auroral Research Program (HAARP)
in Gakona, Alaska (62.39�N, 145.15�W), the High Power
Auroral Stimulation (HIPAS) observatory near Fairbanks,
Alaska (64.87�N, 146.84�W), the Sura facility near
Vasil’sursk, Russia (56.13�N, 46.10�E), Kharkov observa-
tory, Ukraine, Russia (50.00�N, 36.2�E), and the Platteville,
Colorado observatory (operated from 1970 to 1981,

40.18�N, 104.73�W). Of these facilities, four are polar
facilities (HAARP, EISCAT Tromsø and Svalbard, and
HIPAS), and the remaining four are classified as midlatitude
facilities. Only three have powerful incoherent scatter (IS)
radars for supporting diagnostic measurements: Arecibo
observatory, Tromsø and Svalbard EISCAT sites. The Are-
cibo radar operates at a center frequency of 430 MHz, and
the two EISCAT IS radars at Tromsø operate at frequencies
near 224 MHz and 931 MHz, and 500 MHz at Svalbard.
[3] Recently, an ultrahigh frequency (UHF) diagnostic

radar was added to HAARP; it is located �2 km from the
HF antenna array. This radar is tuned to a center frequency
of 446 MHz and therefore diagnoses the ionospheric plasma
at a wave number similar to that of Arecibo observatory.
The radar is a development version of the Advanced
Modular Incoherent Scatter Radar (AMISR) that has been
developed by the National Science Foundation and SRI
International for incoherent scatter observations at other
locations. The first ionospheric modification observations
made with the HAARP UHF radar took place between 3
and 5 February 2005 and are the subject of the study
described herein. During these experiments an eight-panel
configuration was employed, which yielded a peak power of
256 kW, an effective antenna aperture of 109.9 m2, and the
system temperature of 120 K. The antenna phased array was
placed in the horizontal plane, and yielded a �4.3� for 3 dB
half-width one-way beamwidth of the vertical beam. The
radar beam can be steered to a maximum zenith angle of
�30� without significantly decreasing antenna gain or
greatly increasing the beamwidth. HAARP’s location makes
it possible to point the radar beam parallel to the geomag-
netic field in the F region. The required geographic beam
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pointing coordinates are 15� zenith angle and 204� azimuth.
Thus the HAARP UHF radar operates at a frequency close
to the Arecibo IS radar, but the geomagnetic observing
geometry is similar to that of EISCAT.
[4] Many HF ionospheric modification experiments have

been conducted at EISCAT [Hagfors et al., 1983; Stubbe et
al., 1985; Djuth et al., 1994; Isham et al., 1999; Rietveld et
al., 2000] and Arecibo [Showen and Kim, 1978; Duncan
and Sheerin, 1985; Djuth et al., 1986; Cheung et al., 1989;
Djuth et al., 1990; Cheung et al., 1992; Isham and Hagfors,
1993]. The radars observed enhanced ion and plasma lines
that originated from an altitude where HF pump waves
caused local changes in the plasma density and temperature
as well as plasma-wave turbulence. Important experimental
information is provided from spectrum analysis of the radar
backscatter from the ionosphere modified by artificially
induced electromagnetic waves.
[5] Many of the spectral features of Langmuir turbulence

excited by HF pump waves were initially interpreted in
terms of the parametric decay instability (PDI) and the
oscillating two-stream instability (OTSI) [e.g., Fejer and
Kuo, 1973; Perkins et al., 1974]. This theory employs a
weak turbulence approximation to the Zakharov model
equations. However, altitude-averaged enhanced plasma
line spectra detected with an IS radar exhibit two features
that cannot be readily explained with this approximation.
The first is a broad spectral component that starts at the
decay line and rapidly decreases with frequency over a
frequency interval of 30–100 kHz in the direction of fradar,
where fradar is the radar frequency [e.g., Kantor, 1974;
Carlson and Duncan, 1977; Showen and Kim, 1978; Djuth,
1984; Djuth et al., 1986; Stubbe et al., 1992; Kohl et al.,
1993]. The second feature is a weak displaced peak first
noted by Djuth et al. [1986] in the band fradar ± (fHF + D),
where fHF is the HF pump frequency, and D = 10–100 kHz.
Other observations showed similar results [Cheung et al.,
1989; Cheung et al., 1992; Kohl et al., 1993]. In addition, in
many observations the radar echo appeared to originate near
the point of HF reflection, which is inconsistent with theory
based on the weak turbulence approximation [e.g., Muldrew
and Showen, 1977; Birkmayer et al., 1986; Isham et al.,
1987; Fejer et al., 1991; Isham and Hagfors, 1993; Sulzer
and Fejer, 1994]. Strong Langmuir turbulence (SLT) theory
provides the much needed new paradigm for the interpre-
tation of the results. Density cavities referred to as solitons
were found to occur near the point of HF reflection in the
pioneering work of Petviashvilli [1976], Weatherall et al.
[1982], Sheerin et al. [1982], Nicholson et al. [1984], and
Payne et al. [1984]. This was followed by a series of
theoretical studies focused on localized plasma states con-
sisting of Langmuir oscillations trapped in a self-consistent
density cavity. These entities were termed cavitons [Russell
et al., 1988; DuBois et al., 1988; DuBois et al., 1990]. The
broad HF pump-induced plasma line (HFPL) spectrum and
the displaced peak discussed above are readily interpreted
within the context of the caviton model [e.g., Cheung et al.,
1989; DuBois et al., 1990; Cheung et al., 1992; Hanssen et
al., 1992; DuBois et al., 1993a, 1993b; DuBois et al.,
1995a, 1995b; DuBois et al., 2001]. The broad spectrum
is the result of the collapse of localized states, which skew
spectral components to frequencies less than fHF, and the
displaced spectral feature is the ’’free mode,’’ which is a

freely propagating Langmuir wave. Both features occur at
and below the critical layer. However, only the free mode
follows dispersion relation for Langmuir waves in a mag-
netized plasma: wL

2(ks, z) = wpe
2 (z) + 3ks

2Ve
2 + wce

2 sin2 q
[DuBois et al., 1993a], where ks � 2kradar, kradar is magni-
tude of the radar wave vector kradar, Ve is thermal velocity of
electrons, wpe and wce are the electron plasma frequency and
electron cyclotron frequencies, respectively, and q is the
angle between kradar and the geomagnetic field. Altitude
resolved HFPL and ion line spectra [Fejer et al., 1991;
Sulzer and Fejer, 1994; Stubbe, 1996b; Kohl and Rieveld,
1996; Isham et al., 1999; Rietveld et al., 2000; Cheung et
al., 2001; Djuth et al., 2004] have shown remarkable
similarity to the predictions of DuBois et al. [1993a,
1993b, 2001].
[6] The SLT theory is based on an extension of Zakhar-

ov’s model [Zakharov, 1972; DuBois et al., 1993a], which
describes coupling of high-frequency Langmuir waves with
low-frequency ion density fluctuations driven by artificially
induced electromagnetic waves. The ponderomotive force
of Langmuir waves generates cavitons within a several
hundred meters of the O-mode reflection height where the
HF frequency is equal to the local plasma frequency.
Broadband Langmuir oscillations are generated by Lang-
muir collapse events along with narrow-banded freely
propagating Langmuir modes. Parametric decay cascades
develop at lower heights where wave number and frequency
matching conditions are satisfied. The propagation of both
the free mode cascade waves is determined by the Langmuir
dispersion relation.
[7] HF pump-induced plasma lines observed with the

IS radar contain several sharp peaks at a displacement
of ±fHF from fradar and at offsets of n = 1, 3, 5 . . . times
the ion-acoustic frequency, fia, from fradar ± fHF, that is
fradar ± (fHF � nfia). The ion-acoustic frequency is dependent
on the plasma temperature [Isham and Hagfors, 1993,
equation (1)]. The former peak is known as the purely
growing mode, which is due to the OTSI [Kantor, 1974;
Carlson and Duncan, 1977; Walker, 1979; Nicholson et al.,
1984; Sprague and Fejer, 1995; Stubbe, 1996a]. The latter
peaks with the frequency offset of fia and nfia are known as
the decay and the cascade lines, respectively.
[8] The focus of this paper is on persistent enhancements

of the plasma line during HF on at several HF pump
frequencies. Section 2 below outlines operational modes
of the UHF diagnostic radar and the HAARP. Three
examples of the persistent plasma line are presented in
section 3. Section 4 discusses ionospheric conditions when
the persistent plasma line appears.

2. Experimental Details

[9] The HAARP HF transmitter system was operated
from 3 to 5 February 2005 in various modes with O- and
X-mode polarizations, directed toward the local geomag-
netic field line at HAARP (azimuth: 204�, elevation: 75�) at
several frequencies as shown in Table 1. The present paper
reports only about data obtained for selected intervals when
persistent enhancements of the UHF diagnostic radar back-
scatter were observed. The pump duty cycle was also
tabulated in Table 1.
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[10] The UHF diagnostic radar beam was directed along
the geomagnetic field line during all experiments discussed
in this paper. It operated at a frequency of 446 MHz with a
998-ms uncoded transmitter pulse and 100-kHz sampling
rate. An interpulse period (IPP) of 10 ms was used. This
diagnostic radar had only one receiver to measure one of the
up-shifted or down-shifted plasma lines.
[11] The ionosonde at HAARP was used to estimate foF2

and other ionospheric parameters every 2 or 5 min. The
foF2 data were used in real time to determine optimum HF
frequencies.

3. Experimental Results

3.1. Case Study on 3 February 2005

[12] Figure 1 shows color-coded time-frequency profile
of power spectral density (PSD) of the down-shifted plasma
line measured with the UHF diagnostic radar from 0201 to
0211 UT on 3 February 2005. The figure uses data inte-
grated for 2 s. The thick white lines show the HF on periods,
which incrementally increase by 5 s each until 0210 UT,
when a new pumping cycle begins. The diagnostic radar

was not operated during the initial 5-s on period because of
technical troubles, which delayed starting the measurement.
The data showed strongly enhanced signal returns just after
the HF pump wave was turned on. This enhanced power is
frequently termed as ‘‘overshoot.’’ For the remainder of
interval when the HF pump wave was on, there was a
weaker persistent enhancement.
[13] When the plasma line overshoot was observed dur-

ing HF on period, at least three cascade lines were devel-
oped together with the decay line in association with HF
turn-on. The cascade lines appeared at near odd multiplies
of the ion-acoustic frequency, which is about 4 kHz. The
persistent plasma line appeared for all periods from begin-
ning of the diagnostic radar operation at 0201 UT to
0208 UT, although the persistent plasma line induced at
0207 UT gradually became weak during HF on period.
Persistent enhancements of the plasma line were not clearly
seen after 0209 UT. Since the operational mode of the HF
transmitter system was not changed for this experiment
except for duration of the HF on/off period, some iono-
spheric conditions might change around 0208 UT. To

Table 1. HAARP Operations for the Selected Experiments on 3–5 February 2005

Date Start, UT Stop, UT Frequency, MHz Polarization Power, kW ERP, MW Pump Duty Cycle

0203 0200:00 0259:30 4.1 O 880 39 1a

0204 0300:00 0550:00 2.85 O/X 880 16 2b

0205 0135:00 0139:30 4.3 O 900 47 3c

0205 0140:00 0209:30 4.5 O 900 53 3
0205 0210:00 0219:30 5.35 O 900 83 3
0205 0220:00 0229:30 4.95 O 900 69 3
0205 0230:00 0244:30 4.6 O 900 56 3

aPump duty cycle 1 consists of on/off 5s/55s, 10s/50s, 15s/45s, 20s/40s, 25s/35s, 30s/30s/, 35s/25s, 40s/20s, 45s/15s, 50s/10s, 5s/115s, 10s/110s, 15s/
105s, 20s/100s, 25s/95s, 30s/90s, 35s/85s, 40s/80s, 45s/75s, 50s/70s.

bPump duty cycle 2 consists of 1min off, 1min O-mode on, 1min off, 1min X-mode on.
cPump duty cycle 3 consists of 5s off, 5s on, 110s off, 180s on.

Figure 1. Color-coded time-frequency profile of power spectral density of the downshifted plasma line
measured with the UHF diagnostic radar from 0201 to 0211 UT on 3 February 2005. The figure is plotted
by using 2-s integrated data. White thick line shows time intervals for O-mode HF on. The dashed line
shows the frequency offset from the UHF diagnostic radar frequency minus the HF pump frequency.
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investigate that, we compare the HF pump frequency and
foF2 measured with the HAARP ionosonde as shown in
Figure 2. Values of foF2 were obtained every 5 min except
at 0205 UT. The upper panel of Figure 2 shows that foF2
from 0200 to 0240 UT decreased with time from 4.35 to
3.90 MHz. The HF pump frequency of 4.1 MHz at 0200 UT
was slightly lower than foF2, and that at 0210 UTwas equal
to foF2. These frequency differences imply that the HF
pump frequency was slightly lower than foF2 by a few
hundred kHz when persistent enhancements of the plasma
line were observed from 0201 to 0208 UT. When there were
no persistent plasma line enhancements, the HF pump
frequency was approximately equal to or higher than
foF2. The height-averaged signal-to-noise ratio (SNR) of
radar backscatter power had a minimum value in a few
seconds after HF turn-on when persistent plasma line
enhancements were observed, and then increased to about
�9 dB keeping this level until HF turn-off.
[14] While the UHF diagnostic radar was fixed to look

along the geomagnetic field line for these experiments, the
ionosonde obtained most of its data from a wide beam
directed vertically. To compare data from two radio instru-
ments, we need to assume the ionospheric homogeneity in
two different positions as discussed in section 4.

3.2. Case Study on 4 February 2005

[15] Figure 3 shows color-coded time-frequency profile
of PSD of the upshifted plasma line from 0317 to 0339 UT
on 4 February 2005. The figure is plotted using data

integrated for 2 s. The HF pump frequency during this time
interval was 2.85 MHz. Persistent plasma line enhance-
ments were seen clearly during O-mode transmissions,
except for 0337 to 0338 UT. No plasma lines were seen
during X-mode pumping. The purely growing mode can be
clearly seen at 2.85 MHz, and the decay and the first
cascade lines are also clearly identified. Persistent plasma
lines contained broad peaks from 2.84 to 2.85 MHz. The
broad peaks were not seen in the persistent plasma line of
3 February. Figure 4 shows temporal variations in foF2
measured with the ionosonde and height-averaged SNR of
the diagnostic-radar backscatter power for the 4 February
2005 case. Enhancements of the plasma line did not persist
after 0336 UT as shown in Figure 4. The operational mode
of the diagnostic radar was switched from the upshifted
plasma line measurement to the downshifted one at
0340 UT. Persistent plasma line enhancements were not
clearly seen after the fortuitous measurement switch; but we
think that the mode change is not the significant reason to
stop the persistent enhancement. This is because the pulse
beginning at 0337 UT did not show persistent enhance-
ments, although the diagnostic radar was still operated in
the mode of upshifted plasma line measurement. The
principal reason we consider is the background ionospheric
change as shown in Figure 4.
[16] The upper panel of Figure 4 shows that values of

foF2 from 0300 to 0330 UT remained almost constant
around 3.2 MHz, then decreased to about 2.9 MHz from
0330 to 0350 UT. After 0350 UT, values of foF2 were lower

Figure 2. Temporal variations in foF2 measured with the HAARP ionosonde (open circle) and the HF
pump frequency of 4.1 MHz (solid line) from 0200 to 0240 UT on 3 February 2005. The lower panel
shows temporal variations in the height-averaged SNR measured with the UHF diagnostic radar.
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than the HF pump frequency of 2.85 MHz for almost all the
time. The HF pump frequency that was used when persis-
tent plasma line enhancements were observed was slightly
lower than foF2. This is the identical relationship that is
found for the 3 February case.

3.3. Case Study on 5 February 2005

[17] Figure 5 shows color-coded time-frequency profile
of PSD of the downshifted plasma line from 0134 to
0138 UT on 5 February 2005. The figure is plotted using

Figure 3. Color-coded time-frequency profile of power spectral density of the upshifted plasma line
measured with the UHF diagnostic radar from 0317 to 0339 UT on 4 February 2005. White thick line
shows time intervals for O-mode HF on. The format of figure is the same as Figure 1.

Figure 4. Temporal variations in foF2 measured with the HAARP ionosonde and the HF pump
frequency of 2.85 MHz from 0300 to 0420 UT on 4 February 2005 (upper panel). The lower panel shows
temporal variations in the height-averaged SNR measured with the UHF diagnostic radar. The operational
mode of the diagnostic radar was switched from the upshifted plasma line measurement to the
downshifted one at 0340 UT.
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data integrated for 2 s. The purely growing mode can be
clearly seen at 4.3 MHz, and the decay lines and the first
and second cascade lines are also identified. A peak
appeared at frequency displaced larger frequency than fHF
may be the image decay line. Persistent enhancements
appeared during both HF on periods, although persistent

enhancement beginning at 0135 UT was induced for rela-
tively short on-period of 5 s. PSD for the second period had
a minimum value at 0137:15 UT then remained at a certain
saturation level during HF on. The decay line and one
cascade line appeared soon after HF turn-on and persisted
throughout the HF on period. The purely growing mode,

Figure 5. Color-coded time-frequency profile of power spectral density of the downshifted plasma line
measured with the UHF diagnostic radar from 0134 to 0138 UT on 5 February 2005. The format of figure
is the same as Figure 1.

Figure 6. Temporal variations in foF2 measured with the HAARP ionosonde and the HF pump
frequencies from 0134 to 0244 UT on 5 February 2005 (upper panel). The lower panel shows temporal
variations in the height-averaged SNR measured with the UHF diagnostic radar.
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which appeared at fradar � fHF, was seen for this case,
although other two cases on 3 and 4 February did not show
it clearly.
[18] Figure 6 shows temporal variations in foF2 and the

HF pump frequency and height-averaged SNR of the
diagnostic-radar backscatter power. While persistent plasma
line enhancements were seen from 0135 to 0138 UT when
the HF pump frequency was slightly lower than foF2 by a
few hundred kHz, persistent enhancements were not seen
for other time periods. This result also suggests the identical
characteristic about the relationship between foF2 and the
HF pump frequency with two other cases mentioned in the
previous subsections.
[19] While the HF pump frequency of 4.5 MHz was lower

than foF2 from 0150 to 0210 UT, there was no persistent
plasma line enhancement. Frequency differences during this
time period were in excess of 500 kHz, which is larger than
those for other events associated with persistent plasma line
enhancements (see Figures 2 and 4). This result suggests
that there may be a maximum value of the frequency
difference to generate persistent plasma line enhancements.

4. Discussion

[20] The three examples in this paper suggest that persis-
tent enhancements of the UHF diagnostic-radar backscatter
are induced when the HF pump frequency is slightly lower
than foF2 by a few hundred kHz. The persistent enhance-
ment is not generated when the HF pump frequency is equal
to foF2, that is, when the height gradient of the electron
density is zero at the reflection height. The decay line and
the cascade line are generated at the so-called matching
height [DuBois et al., 1993a], which can be expressed as
following [Stubbe et al., 1992]:

za ¼ z0 � 12
V 2
e

c2
f 2radar
f 2HF

H ð1Þ

where z0 is the reflection height, Ve, which is equal toffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBTe

�
me

s
;

is the thermal velocity of electrons, c is the speed of light,
and H is the plasma scale height, kB is the Boltzmann
constant, Te is the electron temperature, and me is the
electron mass. While the matching height for the experi-
ments cannot be determined precisely because the electron
temperature is not available, the matching height may be
located below the reflection height by 1.1–2.4 km for fHF of
4.1–5.35 MHz and by 3.7–5.0 km for fHF of 2.85 MHz if H
is 50 km and the electron temperature is in the 1500–2000
K level. However, if the reflection height is close to the F2

peak height, where H is significantly larger than the typical
value (e.g., 50 km), the matching height may be too far from
the reflection height, and the ion-acoustic wave excited by
PDI essentially damps before reaching the matching height.
If this is the case, persistent enhancements of the plasma
line may not be measured. These experimental results
suggest that the persistent backscatter enhancement needs
optimum height gradients in the ionospheric density or the
plasma scale height around the matching height.

[21] Striations artificially induced by electromagnetic
waves are local stationary depletions of the plasma density
with scale of the order of a few meters across and several
kilometers along the geomagnetic field line in the upper
hybrid resonance region where a few kilometer below the
HF pump wave reflection altitude. Field-aligned striations
(FAS) of sufficient amplitudes can modify the refractive
index of an O-mode wave in the vicinity of the upper-hybrid
resonance [Robinson, 2002]. The scattering of electromag-
netic waves into electrostatic waves at the upper-hybrid
resonance altitude causes anomalous absorption, which can
be suppressed when the HF pump frequency is close to (or
at) electron gyroharmonics equal to or larger than 3 [Stocker
et al., 1993; Stubbe et al., 1994; Honary et al., 1995, 1999;
Robinson et al., 1996; Kosch et al., 2002]. In this case,
during the entire duration of the HF transmitted pulse, these
HF pump waves reach the matching height, where coupling
to Langmuir and ion-acoustic waves takes place. These
previous studies suggest that electron gyroharmonics are
important to understand causality between the persistent
plasma line enhancement and the modified ionospheric
condition. In practice, persistent enhancements of the ion
and plasma lines have been measured with the IS radar
[Isham et al., 1987; Isham and Hagfors, 1993; Djuth et al.,
1994; Honary et al., 1999; Dhillon and Robinson, 2005]. It
is, however, noted that some papers suggest high absorption
for the second gyroharmonic [Djuth et al., 2005; Kosch et
al., 2005]. In this case anomalous absorption at the upper
hybrid resonance greatly increases, and Bernstein modes
become trapped in field-aligned irregularities then the short-
scale irregularities are strongly excited [e.g., Fialer, 1974].
While the HF pump-induced plasma line should be much
smaller, this scenario was in sharp contrast to results on 4
February. Next section addresses the electron gyrohar-
monics when the persistent plasma line enhancements were
observed.

4.1. Effects of the Electron Gyroharmonics

[22] The electron gyrofrequency is a function of magni-
tude of the geomagnetic field as the equation is given by

fgyro ¼
Be

2pme

; ð2Þ

where B is the geomagnetic field magnitude, and e is the
charge of an electron. To estimate B, model results from the
IGRF (International Geomagnetic Reference Field) are used
in this paper thus fgyro is strongly dependent on the model
results, although the geomagnetic field can fluctuate in
association with geomagnetic activity by order of 100 nT.
Uncertainty of the local plasma frequency and the electron
gyrofrequency is the important issue when investigating the
electron gyroharmonics at the reflection height. Electron-
gyrofrequency uncertainty due to geomagnetic-field fluc-
tuations caused by ionospheric currents is addressed in this
section. Uncertainty of the local plasma frequency from the
ionosonde due to horizontal ionospheric inhomogeneity in
the vicinity of the solar terminator is addressed in the next
section.
[23] Geomagnetic field variations that cause electron

gyrofrequency uncertainties of 50 and 10 kHz are 1786
and 357 nT, respectively, from equation (2) assuming that
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horizontal ionospheric currents are distributed at 100 km
height and the reflection height is 200 km. This calculation
suggests that the uncertainty is less than 10 kHz according
to magnetometer data during the experiments (not shown
here). Uncertainty of the ionosonde data may be ±2 km in
height corresponding to about 3 kHz. These values should
be remembered when discussing the gyroharmonics below.
[24] Figures 7, 8, and 9 show height profiles of the local

plasma (solid curve) and the upper-hybrid (dotted curve)
frequencies calculated using data from the ionosonde
around time periods when persistent enhancements of the
backscatter were observed. The HF pump frequency and the
electron gyroharmonic frequency (dashed line) are also
illustrated.
[25] Electron gyroharmonics for the case of 3 February in

Figure 7 are different from those for the other two cases. For
the case of 3 February, when persistent enhancements of the
backscatter were measured, the local plasma frequency at
the reflection height deviates clearly from the third electron

gyroharmonic frequency comparing with the uncertainty
estimated above; by contrast for the other two cases, the
local plasma frequency at the reflection height is close to
the second or third electron gyroharmonic frequencies. The
latter two cases can be explained with the physical process
of the previous studies as mentioned in the second
paragraph of section 4, but the process is not appropriate
for the case of 3 February. Since the pump frequency is
500 kHz or more below foF2 and is not equal to fgyro in the
case of Figure 9 at 0150 UT, either argument could be the
reason for the lack of persistent enhancement. The results
suggest that the physical process is not perfect yet to explain
the persistent backscatter enhancement, at least for results in
the present paper.

4.2. Ionospheric Inhomogeneity During the
Experiments

[26] While plasma lines are analyzed using data from
geomagnetic field-aligned measurements of the UHF diag-
nostic radar, the ionosonde obtains most of its data from a

Figure 7. Height profile of the local plasma frequency estimated with the HAARP ionosonde
(solid curve), the upper hybrid frequency (dotted curve), and the third harmonic electron gyrofrequency
(dashed line) from 0200 to 0220 UT on 3 February 2005. The vertical solid line shows the HF pump
frequency of 4.1 MHz. Persistent enhancements of the radar backscatter power were measured at time
with underline.
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wide beam directed vertically. Since the experiments were
conducted at dusk, the ionospheric density might have
horizontal gradients, and therefore the ionospheric density
along the geomagnetic field line might be different from that
at the zenith. In this section effects of the horizontal iono-
spheric inhomogeneity in the vicinity of the solar terminator
on the ionospheric density are addressed.
[27] The horizontal distance between the zenith and the

geomagnetic field line is about 60 km at 220 km height.
Difference in the solar zenith angle c due to the 60-km
distance is about 0.57�. The ionization rate is proportional
to exp(�1/cos c), and differences in the ionization rate due
to angle of 0.57� are negligibly small except when the solar
zenith angle is 89.43� (=90�–0.57�), that is, just before the
sunset. Since electron density variations in the F region due
to ionization and recombination while the solar terminator
passes between two positions in the F region are signifi-
cantly smaller than background electron density, iono-
spheric inhomogeneity caused by the tilted solar radiation
in the vicinity of the solar terminator is not important.
Therefore the assumption of ionospheric homogeneity be-

tween the zenith and the geomagnetic field line from
HAARP is considered to be acceptable for the phenomena
featured in this paper.

5. Summary and Conclusions

[28] This paper presents data from the first experimental
campaign with the UHF diagnostic radar at HAARP. HF
pump-induced plasma lines were observed with the UHF
diagnostic radar. This paper focuses on persistent enhance-
ments of the radar backscatter power during HF on, and
presents three cases obtained on 3, 4, and 5 February 2005.
All case studies show that persistent enhancements of the
radar backscatter power are induced when the HF pump
frequency is slightly lower than foF2 by a few hundred kHz
at the reflection height. The comparison studies suggest that
the persistent enhancement may be related to the electron-
density height-gradient at the O-mode reflection height. On
the other hand, the persistent enhancement does not appear
when the HF pump frequency is equal to and higher than

Figure 8. The format is the same as Figure 7 but for height profiles from 0330 to 0342 UT on
4 February 2005. The vertical solid and the dashed lines show the HF pump frequency of 2.85 MHz and
the second harmonic electron gyrofrequency, respectively.
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foF2 at the reflection height or lower than foF2 by more
than 500 kHz.
[29] Persistent enhancements measured on 4 and 5 Feb-

ruary 2005 appeared when the HF pump frequency was
close to the second or third electron gyroharmonic frequen-
cies at the reflection height. This result is consistent with
previous studies on coupling to Langmuir and ion-acoustic
waves in the vicinity of the reflection height, and suggests
that electron gyroharmonics play an important role in
generating the persistent radar backscatter power [Stocker
et al., 1993; Stubbe et al., 1994; Honary et al., 1995, 1999;
Robinson et al., 1996; Kosch et al., 2002]. Persistent
enhancements measured on 3 February 2005, however,
show that the local plasma frequency at the reflection height
is significantly different from the third electron gyrohar-
monic frequency, and this result is inconsistent with the
theoretical prediction.
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