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Optical remote sensing of the thermosphere

with HF pumped artificial airglow

P. A. Bernhardt,! M. Wong,!2 J. D. Huba,' B. G. Fejer,? L. S. Wagner,*
J. A. Goldstein,*> C. A. Selcher,* V. L. Frolov,® and E. N. Sergeev®

Abstract.

Optical emissions excited by high-power radio waves in the ionosphere can be

used to measure a wide variety of parameters in the thermosphere. Powerful high-
frequency (HF) radio waves produce energetic electrons in the region where the waves
reflect in the F region. These hot or suprathermal electrons collide with atomic oxygen
atoms to produce localized regions of metastable O(*D) and O('S) atoms. These
metastables subsequently radiate 630.0 and 557.7 nm, respectively, to produce clouds of
HF pumped artificial airglow (HPAA). The shapes of the HPAA clouds are determined
by the structure of large-scale (=10 km) plasma irregularities that occur naturally or that
develop during ionospheric heating. When the HF wave is operated continuously, the
motion of the airglow clouds follows the E x B drift of the plasma. When the HF wave is
turned off, the airglow clouds decay by collisional quenching and radiation, expand by
neutral diffusion, and drift in response to neutral winds. Images of HPAA clouds,
obtained using both continuous and stepped radio wave transmissions, are processed to
yield the electric fields, neutral wind vectors, and diffusion coefficients in the upper
atmosphere. This technique is illustrated using data that were obtained in March 1993 and
1995 at the ionospheric modification facility near Nizhny Novgorod, Russia. Analysis of
HPAA clouds yields zonal plasma drifts of 70 m s~ eastward at night. On the basis of
artificial airglow from energetic electrons generated at 260 km the zonal neutral wind
speed was estimated to be 96 m s™! and the O('D) diffusion coefficient was determined
to be between 0.8 and 1.4 X 10'! cm? s™1. The quenched lifetime of the O(1D) was
determined to be 29.4 s. The diffusion and quenching rates are directly related to the
atomic and molecular concentrations in the thermosphere. Improvements in the remote-
sensing technique may be obtained if the intensity of the artificial airglow emissions is
increased. High-power radio transmissions employing pulse sequences and tuning near
electron cyclotron harmonics were attempted to increase the optical emissions. Both of
these, however, produced reduced intensity, and consequently, continuous transmission at
frequencies away from electron gyro harmonics is the preferred heating regime.

1. Introduction

Improvements and validation of complex models of the up-
per atmosphere require measurements of composition, winds,
and temperatures for both the ionized and neutral constitu-
ents. Databases of these parameters have been obtained using
a variety of techniques with both ground-based and in situ
satellite or rocket-based instruments. The ground-based mea-
surements have used Fabry-Perot interferometers and incoher-
ent scatter radars. In space, ion mass spectrometers, extreme
ultraviolet spectrometers, and chemical release tracers have
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been employed. This paper outlines the use of optical emis-
sions produced artificially by high-power radio waves for de-
termining many properties of the upper atmosphere.

High-power radio waves that impinge on the ionosphere can
produce plasma irregularities and enhanced optical emissions
that can be employed for remote sensing of the upper atmo-
sphere. Artificial plasma structures take the form of (1) large-
scale (=10 km) cavities driven by bulk plasma heating and
self-focusing [Hansen et al., 1992], (2) small-scale field-aligned
irregularities (=~10-100 m) produced by ponderomotive or
thermal pressure [Bernhardt et al., 1995; Kelley et al., 1995;
Gurevich et al., 1998], or (3) quasi-horizontal stratifications
produced by the standing wave of the high-power radio trans-
mission [Belikovich et al., 1975]. Artificial airglow enhance-
ments occur when the plasma electrons become hot enough or
energetic enough to excite background neutral species by in-
elastic collisions. The greatest electron heating or acceleration
occurs in regions where the HF waves are focused by plasma
irregularities. Consequently, the presence of enhanced airglow
is tied closely to both natural and artificial irregularities in the
ionosphere.

Artificial ionospheric irregularities and airglow clouds can
be used as tracers to study portions of the upper atmosphere
and ionosphere. Both radio and optical techniques have been
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used to detect the motion of these tracers to yield drift veloc-
ities for the plasma and neutral atmosphere. The echoes from
artificial periodic irregularities result from Bragg scatter by HF
pulses. Doppler shifts in the scattered pulses have provided the
vertical drift information [Belikovich et al., 1975; Rietveld et al.,
1996; Djuth et al., 1997)]. The motion of artificial airglow clouds
linked to plasma irregularities has been used to determine the
horizontal drift of the F layer plasma [Bernhardt et al., 1989a].

Following the termination of the high-power radio source,
the artificial ionospheric disturbances dissipate. The decay of
plasma irregularities provides a measure of plasma diffusion in
the upper atmosphere. Using this technique, the collisional
diffusion rate in the mesosphere and lower thermosphere has
been estimated [Belikovich et al., 1975]. During ionospheric
heating experiments the artificial airglow clouds decay and
expand after the electromagnetic wave source is removed.
Neutral diffusion and collisional quenching in the upper atmo-
sphere control the evolution of artificial airglow after heater
turnoff.

In this paper, measurements of artificial airglow produced by
high-power radio waves are employed to determine properties
of the upper atmosphere. Section 2 reviews previous experi-
mental and theoretical work on artificial airglow production
and decay. Section 3 describes the experimental measurements
of enhanced 630 nm emissions made using the Russian HF
facility called “SURA.” Section 4 is an overview of the airglow
measurements. Section 5 deals with analysis for continuous
heating experiments. Here plasma drifts obtained from obser-
vations of the motion of artificial airglow clouds are compared
with the expected E X B drifts over the HF facility. Analysis of
the optical emissions following heater turnoff is discussed in
Section 6. The horizontal neutral winds and diffusion coeffi-
cients are determined from the decay and expansion of the
airglow clouds. Section 7 contains a comparison of the mea-
sured quantities with models of the upper atmosphere compo-
sition and winds. Improvements in the experimental tech-
niques are suggested in section 8.

2. Previous Work

The first reported measurements of enhanced airglow from
high-power radio waves occurred in 1970 using the high-power
HF facility at Platteville, Colorado [Utlaut and Cohen, 1971].
Subsequently, the excitation of airglow by high-power radio
waves has been observed with photometers located at Arecibo,
Puerto Rico [Sipler and Biondi, 1972; Carlson et al., 1982; Fejer
et al., 1985; Bernhardt et al., 1988a, 1989b]; at Platteville, Col-
orado [Haslet and Megill, 1974]; at Moscow, Russia [Adieshvili
et al., 1978]; and at Troms6, Norway [Stubbe et al., 1982; Hen-
riksen et al., 1984]. Sergienko et al. [1997] report modulation of
the auroral green line intensities by ionospheric heating at
Tromso.

The first images of the artificially enhanced red line (630
nm) or green line (577.7 nm) were reported by Moore [1983]
using the Platteville heating facility. Images of 630 nm emis-
sions have been readily obtained using intensified CCD imag-
ers at Puerto Rico [Bernhardt et al., 1988a, b, 1989a, b], at the
SURA heating facility in Russia [Bernhardt et al., 1991], and
the European Incoherent Scatter (EISCAT) HF facility in
Tromso [Brdndstrom et al., 1999].

Much of the research in artificial airglow from HF facilities
has dealt with the production of the emissions. Both thermal
and suprathermal processes have been considered. Mantas
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[1994] and Mantas and Carlson [1996] have shown that bulk
heating of the plasma can produce electron temperatures
(2000-4000 K) that are large enough to excite the red line of
atomic oxygen. Several authors [Haslet and Megill, 1974; Bern-
hardt et al., 1989b] have maintained that suprathermal electron
distributions are required to explain the green line emissions
observed by a number of experimenters [Moore, 1983; Fejer et
al., 1985; Bernhardt et al., 1989b). Wang et al. [1997] have
modeled the production of suprathermal tails in the electron
distribution. It is likely that both thermal and suprathermal
electron distributions contribute to the excitation of atomic
oxygen by electron collisions.

Another aspect of HF pumped artificial airglow (HPAA) is
remote sensing of the upper atmosphere. Sipler and Biondi
[1972] estimated the quenching of O('D) by reactions with O,
and N, by observing the build up and decay of HPAA as the
heating facility was cycled on and off. Bernhardt et al. [1989b]
demonstrated that plasma drifts in the F region could be mea-
sured by observing the motion of the HPAA clouds. The air-
glow clouds are linked to drifting plasma irregularities that
focus the high-power radio waves near the reflection level in
the ionosphere. The enhanced electric fields in the focus re-
gions produce larger energetic electron fluxes and conse-
quently more intense optical emissions from these regions.
Comparing the plasma velocities obtained from the drifting
airglow clouds with those obtained using the Arecibo incoher-
ent scatter radar validated the technique.

In the F region above 200 km altitude the primary species
excited by high-power radio waves is atomic oxygen. The
O('D) state has a lifetime of ~1 min depending on the
quenching by collisions with ambient species. At the SURA
facility in Russia the 630 nm emission from the O('D) is bright
enough to be recorded with ground-based low-light-level im-
aging systems. As far as we know, the higher-energy O('S)
state and its characteristic 557.7 nm emissions have never been
detected at SURA.

3. Experiment Description

A diagram of the optical observations for the ionospheric
modification experiment is shown in Figure 1. Imaging systems
are set up near the radio wave transmitter to view the night sky.
The full field of view was selected to capture the 8°-wide HF
beam as well as any expansions of motions of the artificial
airglow.

A collection of computer-controlled, low-light-level imaging
instruments were set up by the Naval Research Laboratory at
the SURA heating facility near Vasil’sursk, Russia (56.13°N
latitude, 46.10°E longitude). The magnetic dip angle at SURA
is 71°. The instrumentation consisted of (1) an intensified CCD
camera with a 512 X 512 detector array for slow scan imaging,
(2) an intensified CCD camera with a 768 X 493 pixel array
operating at 60 Hz scan rates, and (3) a photometer with a Si
microchannel plate (MCP) detector.

The intensified slow scan imager was used to record 10
Rayleigh or greater enhancements in the 630 nm airglow over
SURA by using 45 s integration times, digitizing the CCD array
pixels with 12 bit resolution, and storing the data in computer
memory. The CCD array was thermoelectrically cooled to
—30°C. This camera was a Photometrics IC200 with a Series
200 Camera Controller. An ITT F4113 MCP intensifier with a
40 mm diameter S-20 photocathode was used as a camera
shutter as well as providing photon gain. A Keo telecentric
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Figure 1. Optical observation geometry for the 1993 and
1995 SURA campaigns. The CCD imager field of view was
chosen to capture motion and expansion of the 630 nm airglow
cloud. The HF radio beam is typically 8°. The size of the
artificial airglow cloud will be affected by field-aligned irregu-
larities near the HF wave reflection altitude, transport of the
energetic electrons, and diffusion of the radiating species.

optical system provided a 50° field of view of the night sky with
light passing through the 3 nm passband of a 630 nm interfer-
ence filter. The exact field of view (36.5°) and observation
direction of the camera was determined from the star field,
which is recorded in each airglow image. The CCD array had
a 512 X 512 pixel format, and at 250 km altitude the image
resolution was 361 m/pixel. The camera was calibrated at the
site using a portable fluorescent source that had a radiance of
895 R/nm at a wavelength of 630 nm.

A second intensified CCD camera was operated at video
rates of 30 frames s™! to monitor the night sky for clouds. The
camera was a Xybion Model ISG-250 with an extended red
photocathode on the intensifier. This camera was operated
without a filter. This type of cloud monitor is important to
ensure that fluctuations in the red line intensity are due to
ionospheric and not tropospheric processes.

In addition to imaging, it is useful to have a photometer to
monitor the total intensity over a part of the night sky. The
photometer provides more sensitivity and higher temporal re-
sponse than an imaging system. The detector in the photom-
eter was an ITT F4149 MCP photomultiplier with an S-20
extended red photocathode. This detector is housed in a Pel-
tier chamber for cooling to —30°C. Individual counts from the
detector anode are accumulated and stored once every 100 ms.
Both 630 and 557.7 nm filters were placed in front of the
optical entrance to the photometer.
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The artificial airglow in the upper atmosphere was excited
using the three transmitters that compose the SURA HF fa-
cility. Each transmitter provided 250 kW continuous power
over a tuning range of 4.3 and 10 MHz. The HF frequencies
were determined with computer-controlled frequency synthe-
sizers. The output of each transmitter was connected to a
separate 4 X 12 phased array of wideband dipoles. The three
sections together composed a 12 X 12 array antenna that was
300 m on each side. The full antenna beam is 8° X 8° at 5.75
MHz. Phasing of the three transmitters permitted steering of
the HF beam by +40° from the zenith in the north-south
direction. The measured gain of the antenna array is frequen-
cy-dependent, varying from 200 at 4.8 MHz to 380 at 9.3 MHz.
Both steering and power control are provided at the transmit-
ter site. Rapid beam swinging of +8° is possible with electronic
steering. Changes in mechanical linkages are required for
larger deviations in beam angle up to 40° from zenith. By
controlling the transmitter power and the HF beam location,
excitation thresholds and zenith angle effects on the intensities
of artificial airglow were studied.

A previous artificial airglow campaign occurred at SURA in
September 1990. Bernhardt et al. [1991] described the results of
this campaign. The SURA observations of enhanced airglow
reported here occurred during the periods of March 13-22,
1993, and March 21 to April 4, 1995. Both stimulated electro-
magnetic emission (SEE) and artificial airglow experiments
were conducted during that time period. Bernhardt et al. [1994]
reported the results of the 1993 SEE experiments. The 1995
SEE experiments are described by Wagner et al. [1999]. All
three papers provide additional details on the diagnostic and
modification capabilities at the SURA facility.

The measurement of optical emissions by high-power radio
wave from the ground is limited by (1) obstruction by tropo-
spheric cloud cover, (2) sunlight or moonlight interference,
and (3) decay of the critical frequency of the F region after
sunset. The lowest operational frequency for the SURA facility
is 4.3 MHz. Often, the F region is only dense enough to reflect
the heater frequencies for a few hours after sunset. Conse-
quently, the artificial airglow studies were only conducted for a
small fraction of the total experimental time available. Table 1
lists the periods of time when airglow measurements were
made at SURA in 1993 and 1995. The local time at SURA is
3 hours later than the Universal Time given in Table 1.

4. Optical Observations

This section contains examples of the red line (630 nm)
optical data acquired during the ionospheric modification cam-
paigns at SURA in 1993 and 1995. The data show the effects of
transitions between overdense and underdense heating,
plasma drifts, transmitter antenna tuning, neutral diffusion and
winds, pump power variations, and variations in the antenna

Table 1. Schedule of Optical Measurements at SURA
Time, Frequencies, Primary

Date uT MHz Purpose
March 21, 1993 1610-2000 5.8288, 4.785, 4.300 airglow drifts
March 24, 1995 1632-1900 4.786, 4.300 power threshold
March 25, 1995 1700-1840 4.300 pulse duty cycle
April 3, 1995 1720-1911 4.595 continuous wave heating
April 4, 1995 1700-1800 4.300 beam swinging
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Figure 2. Decay of the ionosphere on March 21, 1993, causing a transition from overdense to underdense
heating. The 5.8288 MHz wave is beamed continuously to the ionosphere. Each 630 nm image is an 85 X 85
km sample of the airglow at the zenith of the HF facility in the night sky. West is to the right, and north is at
the top of each frame. A crescent of airglow is formed around the region of the layer that has been penetrated
by the HF beam. The airglow intensity increases by a factor of 2 in the crescent before decaying completely.
This intensification may be due to acceleration along a larger distance in the layer at the edge of the

penetration region.

position. All of the 630 nm images have north to the top and
west to the right of the frames.

The objective of some tests at SURA were to enhance the
artificial airglow intensities. It is important to produce the
brightest airglow to improve the quality of the remote-sensing
measurements. The most intense airglow is produced by (1)
using an HF that is slightly less than the critical frequency of
the layer, (2) providing the largest equivalent radiated power
(ERP) to the plasma, and (3) using ordinary (as opposed to
extraordinary) mode transmissions. The transmission fre-
quency is selected to be the largest that reflects in the iono-
sphere. The transmitters are tuned to maximum efficiency, and
the antenna array is properly phased to produce a well-
collimated radio wave beam with the proper polarization. Un-
successful attempts were made to produce greater airglow in-
tensities by (1) pulsing the transmissions and (2) tuning to
harmonics of the electron gyrofrequency in the ionosphere.

After sunset the ionospheric densities over SURA decay,
and the critical frequency can make a transition from being
larger than the pump frequency (i.e., overdense) to being less
than the pump frequency (i.e., underdense). During this tran-
sition period, part of the ionosphere may be overdense, and a
different region may be underdense. The energetic electrons
responsible for airglow are thought to be from just below the
overdense regions of the ionosphere where the reflected elec-
tromagnetic waves are converted into Langmuir waves with

accelerate electrons to suprathermal velocities [Bernhardt et
al., 1989b; Wang et al., 1997] or where substantial electron
heating occurs [Mantas, 1994; Mantas and Carlson, 1996;
Gurevich and Milikh, 1997].

A sequence of images of the artificial airglow during the
transition periods when the layer goes from overdense to un-
derdense is illustrated in Figure 2 for March 21, 1993. The HF
pump frequency was 5.8288 MHz. At 1759 UT the airglow
cloud is diffuse with a peak intensity of 30 R. Four minutes
later the peak intensity has increased to 50 R on the left (east)
side of the cloud. By 1807 UT the airglow cloud has formed
into a crescent next to a region where the airglow intensities
have been reduced to ambient levels. This cloud finally van-
ishes by 1814 UT. The dark region in the airglow images from
1803 to 1810 UT may identify regions where the HF wave has
penetrated the F region to form an underdense hole near the
zenith of the HF facility. The brightness at the side of the hole
is thought to be due to increased interaction distances for
electron acceleration. The edge of this hole remains overdense
for ~10 min until ion-electron recombination acts to reduce
the maximum density below the critical density needed for
reflection.

After the ionosphere became underdense for 5.8288 MHz,
the pump frequency was reduced to 4.785 MHz and, when that
frequency became underdense, to 4.3 MHz. For the next 30
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19:30:07 UT
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Figure 3. Motion of an artificial 630 nm airglow cloud across the night sky on March 21, 1993, excited by 4.3
MHz. After the cloud drifts to the edge of the HF beam it disappears, and another cloud appears at the
opposite edge. This cloud motion is produced by electric fields in the F region.

min, continuous measurements were obtained showing convec-
tion of the artificial airglow clouds.

Often the airglow clouds seem to move in the zonal (east-
west) direction above the heating facility. As a cloud drifts
away from the zenith of the transmitter antenna, it becomes
weaker, disappears, and then is eventually replaced by a new
cloud. A sample of this effect is illustrated in Figure 3 for
March 21, 1993. At this time the HF facility was operating at
4.3 MHz with ~150 MW ERP. The time between successive
images is ~1 min, and the image field of view is 85 X 85 km.
This motion is due to refraction of the top of the radio beam
by large-scale density depressions that follow the ambient
plasma drift. These F region, bottomside depressions may be
generated by the heater beam or may occur naturally. Estima-
tion of the horizontal plasma drift from the motion of the
airglow clouds is described in section 5.

One use for observations of artificial optical emissions is
checking the antenna pattern of HF heating facilities. When
the transmission frequency is changed by >50 kHz at SURA,
the phased antenna array must be adjusted. During the rephas-
ing process the output signals for two of the transmitters are
adjusted with respect to a third reference transmitter. Optical
measurements were made while rephasing was occurring for
full power on all three transmitters. This is illustrated in Figure
4 for March 24, 1995. The transmitters had been operating at

5.100 MHz, and the transmission frequency was changed to
4.786 MHz. After the frequency change at 1712 UT the beam
remained well focused but was tilted to a region 12° to the
north of zenith. Between 1713 and 1715 UT the radio beam
was reformed to change the pointing direction. At 1716 UT the
4.786 MHz radio beam was adjusted to the zenith of the heat-
ing facility.

The excitation of artificial airglow often appears at a thresh-
old of RF power [Bernhardt et al., 1989b]. Figure 5 illustrates
the airglow images for power levels of 10 MW (—10 dB), 32
MW (-5 dB), and 100 MW (0 dB) of transmitter power at 4.3
MHz. These data were taken between 1822 and 1828 UT on
March 24, 1995, when the ionospheric densities were stable, as
measured by the SURA ionosonde. For these particular im-
ages the airglow intensity rises sharply from 5 to 45 R for
transmitter power changes from 10 to 32 MW. A further in-
crease in power to 100 MW only produces a slight (50 R)
increase in intensity above the background.

For remote sensing applications it is important to generate
the largest possible intensity of HPAA. Along with providing
the maximum power into a well-phased antenna, there may be
some other techniques to increase the airglow intensity. Tem-
poral variations in HF power, which can yield enhancements in
SEE [Wagner et al., 1999], may also enhance the efficiency of
electron acceleration. Tests were conducted to determine if
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17:18:15 UT

17:16:19 UT

Figure 4. Dynamic reforming of the HF beam on March 24, 1995, from 12° north of zenith to the zenith of
the HF facility. The HF transmissions at 4.786 MHz were maintained at full power during this operation.

pulsing the HF transmission would lead to enhanced optical
emissions. On March 25, 1995, the average power from the HF
facility was changed both by varying the attenuation for con-
tinuous wave transmissions and by changing the duty cycle for
pulsed transmissions at full peak power. Each pulse cycle had
a period of 2 s. A 50% duty cycle employed sequences of 1 s on
and 1 s off. The 75% duty cycles had 1.5/0.5 s on/off sequences.
For comparison, transmitter attenuation was used to yield the
same average power for continuous transmissions. Reducing
the power by half either with (—3 dB) attenuation or with 50%
duty cycles produced the identical effect on the airglow inten-
sities. At half the full transmitter (on 4.3 MHz) the airglow
intensities were reduced to a few rayleighs above the back-
ground. Increasing the duty cycle to 75% yielded ~30 R peak
intensity, and a duty cycle of 100% or 0 dB attenuation in-
creased the red line enhancement to 40 R. These measure-
ments were made from 1730 to 1830 UT, and no nonlinear
effects of pulsed transmissions on airglow intensity were re-
corded.

Finally, it is well known that high-power radio waves show
different effects when the waves are tuned to harmonics of the
electron gyrofrequency [Leyser et al., 1989; Stubbe et al., 1994;
Stubbe, 1996]. SEE and anomalous absorption (AA) have been
shown to change characteristics near the third, fourth, and fifth
harmonics of the electron gyrofrequency, (3, = 27 1.32 MHz,

in the F region. When the HF wave is tuned to a gyro har-
monic, both the SEE and AA are minimized. Certain SEE
“gyro features” such as the broad upshifted maximum (BUM),
downshifted peak (DP), and broad symmetrical structure
(BSS) only appear for HF transmissions near the gyro harmon-
ics. Other “universal features” such as the continuum and
downshifted maximum (DM) SEE spectra and AA only exist
away from the gyro harmonic transmissions for the HF facili-
ties. The changes in these features are attributed to striation
formation [Stubbe, 1996] and to interactions with electron
Bernstein waves [Huang and Kuo, 1994; Hussein et al., 1998].

Electron acceleration and subsequent airglow production
should also be strongly affected by the proximity of the HF
pump frequency to a gyro harmonic. Preliminary experiments
were carried out at SURA to determine if transmitting pow-
erful waves near electron gyro harmonics has any effect on
airglow intensity. Gyro harmonic heating occurred on March
24 at 1632 UT with 5.105 MHz, on March 25 at 1640 UT with
5.180 MHz, and on March 26 at 1222 UT with 5.202 MHz. All
3 days showed the SEE features BUM, DP, and DM for pump
frequencies near the fourth (n = 4) gyro harmonic [Wagner et
al., 1999]. In all cases the 630.0 nm airglow vanished for the
gyro harmonic transmissions of powerful HF waves. This indi-
cates that electron acceleration is inhibited near the fourth
harmonic. Further work needs to be done in this area concern-
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18:24:49 UT

18:25:51 UT
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Figure 5. Sequence of 630 nm airglow images showing the effects changing the 4.3 MHz transmitter power.
The attenuation was set at 10, 5, and 0 dB, as given in the top right corner of each image. The transmitter duty
cycle was 100%. The airglow threshold is found for between 10 and 5 dB attenuation of the transmitter power.

ing the frequency range around the third, fourth, and fifth
harmonics over which airglow emissions are not produced.
This is a difficult experiment at SURA because the ionosphere
is continuously decaying after sunset, the reflection altitude
rises, and the tuning to the electron gyro harmonics is con-
stantly changing.

5. Plasma Drift Determination

By simultaneous comparison with incoherent scatter radar
(ISR) drift measurements it has been established that artificial
airglow clouds move at the plasma drift velocity [Bernhardt et
al., 1989a]. Electric fields in the ionosphere move the bulk
plasma at a velocity given by V = E x B/B>. Both natural and
heater-induced irregularities near the HF reflection height
drift at this velocity across the radio frequency beam. Focusing
of the HF waves in the underdense sections of the irregularities
increases the power density of the pump wave. The focusing
yields enhanced heating, larger fluxes of energetic electrons,
and higher airglow intensities. Thus the airglow clouds follow
the motion of the large-scale (>4 km) irregularities that pass
through the HF beam near reflection.

The first step in processing the airglow images to determine
plasma drifts is to remove stars and noise with a 5 X 5 pixel
median filter [Bracewell, 1995). This filter replaces the intensity

of the 25 pixel block by its median value. A median filter
preserves sharp edges while suppressing noise in pixels as well
as eliminating point sources such as stars. The star removal is
important so that the star motion does not contaminate the
airglow cloud motion in the image. Figure 6 shows an example
of a filtered image by processing the data used for Figure 3. All
of the image processing uses 512 X 512 arrays of pixels holding
images collected using a r, = 45 s integration time with Ar =
61 s between successive exposures.

The vector horizontal displacement between successive im-
ages is obtained with a cross-correlation analysis. Consider an
image described by an intensity function S;(x, y) at time ¢,,
where x and y are the spatial coordinates projected from the
image plane of the camera onto the sky. The cross-correlation
function is given by

Cla, B) = jw Jw S(x, y)S{(x +a,y + B)dxdy, (1)

where (a, B) are the shifts of image i from image j in the east
and north directions, respectively. The integrals in (1) act as a
filter to produce a smooth result.

The maximum of the cross-correlation function provides the
cloud displacement between images. The maximum of
C,, (¥ maxs Bmax) is found numerically. The horizontal drift vec-
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19:30:07 UT

19:31:08 UT

19:32:10 UT

19:33:11 UT

Figure 6. Filtered images of 630 nm emissions excited by 4.3 MHz on March 21, 1993. A median filter is
used to remove stars and noise speckles while preserving the shape of the airglow clouds. The filtered image

is used to obtain plasma drifts.

tor at time ¢ = (¢, + £;)/2 is Vy(t) = o, /(¢, — t,) and
Vy(f) = Bma/(t, — ). The cross correlation for the two
images at 1929:06 and 1930:07 UT of Figure 6 is illustrated in
Figure 7. The maximum is found at (o, /Af, Bna/At) =
(76.0, 3.2) ms™!, where Ar = 61 s, the time between images.
The width of the cross-correlation function indicates that the
uncertainties of the drift measurements are ~15 m s~ ! in the
zonal direction and 30 m s~! in the meridional direction.
This cross-correlation analysis was performed on all of the
images obtained between 1927 and 1937 UT on March 21,
1993, at SURA. The resulting drifts are shown by Figure 8. The
plasma drift component in the zonal, eastward direction is
found to be relatively constant with a value between 60 and
76 m s”! over the 10 min span of time except for a sudden
acceleration to between 110 and 120 m s ™' near 1933 UT. The
northward velocity based on the cross-correlation analysis var-
ies between —25 and 3 m s~ ! with an average of —9.5 ms ™.
For validation of these values obtained at 56.13°N latitude a
comparison is made with those obtained using an ISR located
in the European region at similar latitudes. The zonal plasma
convection of 68 + 8 m s~ ' is within the range for equinox
values of the east-west component of 35-95 m s~ * obtained at
44.65°N latitude at the Saint-Santin incoherent scatter radar in

200F

100},

MERIDIONAL SPEED (nvs)
3
=) o

-200 %\

-200

-100 0
ZONAL SPEED (m/s)

Figure 7. Cross correlation of the second and third images of
Figure 6, obtained on March 21, 1993. Velocities are obtained
by scaling the cross correlation with the time between images.
The peak of the cross-correlation function indicates that the
airglow clouds are moving at 76.0 m/s in the zonal direction
and 3.2 m/s in the meridional direction.
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Figure 8. Zonal plasma drifts obtained using the series of
airglow clouds obtained between 1927 and 1937 UT on March
21, 1993, at SURA. The average zonal speed is 68 m/s with a
burst of acceleration to 115 m/s for 2 min.

France [Blanc et al., 1977; Blanc and Amayenc, 1979]. The
meridional component (—9.5 = 15 m s™*) is also within range
of the variations of the north-south drift (+15 to —20) ob-
tained at Saint-Santin on March 19, 1974, two solar cycles
earlier [Blanc et al., 1977].

The sudden acceleration at 1933 UT (2233 LT) illustrated by
Figure 8 may be explained either as a natural phenomena or as
an artificial process produced by the HF facility. The average
Kp for the period of the measurements was 3. Examination of
the magnetograms near the Murmansk did not show any mag-
netic field perturbations near the time of the measured accel-
eration (A. Ostapenko, private communication, 1995). The
rapid change of the drift to near 115 m s™' is unusual but can
occur near sunset for a midlatitude ionosphere. For instance,
Blanc et al. [1977] show a sudden increase in the average zonal
drift from 55 to 85 m s~* near 2200 LT with a drop to 35 m s~ *
40 min later. This rapid change in motion was connected to the
single airglow cloud shown in the last frames of Figures 3 and
6. The artificial irregularities produced by the HF facility may
have yielded localized enhancements in electric fields during
the 2 min period (1932 to 1934 UT) of this measurement.
These enhancements may have been the result of polarization
charges accumulated near the ionospheric structures tied to
the fast airglow cloud. Bernhardt et al. [1988a] have described
this charging process.

6. Neutral Winds and Diffusion
From O('D) Cloud

Remote sensing of the composition in the upper atmosphere
has been an active area of research for the past 20 years
[Jacchia, 1977; Hedin, 1987]. Techniques for measuring com-
position include satellite and rocket mass spectrometry, satel-
lite and rocket extreme ultraviolet (EUV) absorption, incoher-
ent scatter radar analysis, and falling spheres observations
[Hedin, 1983]. As first suggested by Bates [1950], density of
neutrals in the upper atmosphere can be determined by the
expansion of fluorescent materials released into the thermo-
sphere. Values of the atmospheric diffusion coefficients for
sodium and other alkali atoms have been determined from the
rate of growth for the diameter of the release [Rees, 1961]. By
assuming collisional cross sections for the atmospheric species
the background neutral density can be determined from the
gas cloud diffusion rates.
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Similarly, chemical releases have been used to measure neu-
tral winds. Trails of sodium [Jarrett et al., 1963] and trimethyl
aluminum [Mikkelsen and Larsen, 1993] have provided the
neutral wind profiles in the mesosphere and thermosphere.
The primary limitation of the chemical release technique is the
requirement for a rocket vehicle to deposit the fluorescent
material in space. This limitation is eliminated if the fluores-
cent material can be produced from the ground by high-power
radio waves. Figure 1 shows the geometry for generating a
glowing cloud using the transmitter at SURA.

The objective of this section is to demonstrate how diffusion
coefficients, neutral wind velocities, and collisional quenching
times can be determined using artificially excited atomic oxy-
gen O('D) as a tracer species. First, high-power radio waves
create a steady state cloud of O('D) atoms that radiate at 630
nm. Next, the radio wave source is turned off, and the O('D)
cloud convects and expands according to the local values of
neutral winds and diffusion rates. The quenching of O(*D) by
observing artificial 630.0 nm night glow excited by HF trans-
mitters has been previously explored by Sipler and Biondi
[1972]. They applied their analysis to temporal variations of
airglow intensities obtained from a ground-based photometer.
Here the analysis uses both temporal and spatial variations
from a ground-based imaging system.

The excited species in the artificial airglow cloud can be
described with a three-dimensional diffusion equation [Bern-
hardt et al., 1989a]:
an, ny n,
7=V-[D1(Vn1+170z) —an] —T—1+[O]Rm’ 2)
where D, is the diffusion coefficient for O(*D), H, = kT/mg
is the scale height, £ is Boltzmann’s constant, T is neutral
temperature, m is the oxygen atomic mass, ¢ is the gravita-
tional acceleration, z is the unit vertical vector, v is the neutral
velocity, T, is the total lifetime of the O('D) state, and Ry, is
the excitation rate from accelerated electrons. All of the back-
ground parameters (D,, H,, and =) are strongly altitude-
dependent. The neutral velocity v is relatively constant over the
spatial range of the airglow cloud.

The measured airglow intensity for the red line (630.0 and
636.4 nm) in rayleighs is related to the singlet D density by

I= 10‘6(A,+A2)J n, dz, (3)

where 4; = 0.00510 s™' and 4, = 0.00164 s~ are the
radiative transition rates from O('D,) to the O(°P,) and
O(3P,) states, respectively. Vertical integration of (2) yields a
two-dimensional diffusion-convection equation for the intensity:

al % BT § al ol I
ot T\axl T ayl) T %ax Yoy T,

where I(x, y) is intensity, D, is a height-averaged effective
diffusion coefficient, v, and v, are the horizontal components
of the neutral velocity, 7, is the height-averaged effective life-
time of the O('D), including radiation and collisional quench-
ing, and P,, is the airglow source function, which vanishes when
the HF is turned off. This equation was derived by Bernhardt et
al. [1989a] with

1
Da:I_I n1D1 dz, (5)
1



10,666

aolfmy 6

(Ta) _I_] T_l 2, ( )

I] = J n, dZ, (7)

P, =105, + A,) J [O1Ry dz. (8)

Further integration removes the spatial derivatives in (4) by
computing the zeroth, first, and second moment with respect to
the x and y variables. These moments are defined as

J(t) = rr I(x,y; t) dx dy;

1 " o
x(t) =ZJ J' xI(x, y; t) dx dy;

-

1 (= (=
F(t)=ZJ(_J‘_ yi(x, y; t) dx dy; ®
_ L=
X0 =7 x’I(x, y; t) dx dy;

Jowdow

V2 =l e 2 .
yi) 2 yI(x,y; t)dx dy

where ¢ is time. With P, = 0 the parameters 7,, v, v,, and
D, are obtained from moments of the intensity distribution

with the expressions

_la _a(x) _ay)
TS Tt " T e W T
_ — (10)
_lot-®y 14075
=27 e YT 2 e

where D, and D, are independent estimates of D, for diffu-
sion in the x and y directions, respectively.

The solution to the first equation in (10) and assuming that
T, IS a constant is

J(t) =1(0)(1 — exp [—t/7,]), (11)

where the HF pump wave is turned off at ¢ = 0. Similar initial
value solutions to the other equations in (10) yield expressions
for cloud motion

x(t) = vt + x(0),

(12)
y(t) = vt + 3(0),
and diffusive spreading
x(1) = X(1)* = 2Dt + x*(0) — ¥(0)?,
) (13)

yHE) = 5(£)? = 2D 1 + yX(0) — 5(0)?,

where the initial values at 1 = 0 are based on the cloud
conditions when the HF power is turned off.

BERNHARDT ET AL.: REMOTE SENSING WITH ARTIFICIAL AIRGLOW

Since the images are obtained at discrete intervals At = 61
s with integration times ¢, = 45 s, the continuous time analysis
given by (10) cannot be used. All of the quantities listed in %)
are determined from temporal integration of the intensity
variable

to+yAr
Slx, y) = j I(x, y; t) dt, (14)
J:

At

where S, (x, y) is the data for image j. Consequently, discrete
forms of (10) are used for the analysis. The total integrated
intensity in one image is

(y—1)ar+1o
A,=jj S,(x,y) dx dy=J J(@t) de.  (15)
(J—-1At
Other moments of an image are defined as
(J—DAt+1g
B, = JJ xS,(x,y) dx dy = J' J(£)x(t) dt,
(- 1)Ar
(- 1At+1o
B, - “ Y85, ) dr dy = J 1050,
(=Dt
(16)
(J-DAr+y _
C,= JJ X3S (x,y) dx dy = J J()x*(t) dt,
(j—DAr
(yJ—DAr+ey _
Cy/=jJ}'ZS,(x,}’) dx d}’:J T(t)y*(r) dt.
(=har

The integrals over the image act as filters to remove noise
fluctuations and extract the bulk properties of the airglow
clouds.

Assume thatj = 0 designates the steady state airglow image
and;j = 1 denotes the image following turnoff of the HF pump
wave. From (11) and (15),

Ay = J(0)As, (17)

(18)

With (18), 7, is determined from the measurements of total
integrated image intensity A, and A . Similarly, using (12) and
the first two equations of (16), the horizontal velocities can be
obtained from the images with the following equations:

A= Ay(r/AN[1 — exp (—At/7,)].

_ Bxl-AO - BXO/4I _ BJI/AI - Bxl)/AO (19
U AfAD + A1, — Ayr) - Bt (T —AgA)’ )

B B,A,— BA, __By/A, - B,y4, (20)
YT AA A+ Aty — Agry) | A+ 11— AJA)’

where the cloud is assumed to be stationary until the HF wave
is turned off and

B,y = A (0) B,y = Ay(0). (21)
Finally, the cloud expansion is determined from (13) and the
last two equations of (16) to give diffusion coefficients D, and
D, in the x and y directions, respectively. The diffusion coef-

ficients are found from
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o MR 60 Rayleighs

18:29:56 UT

18:30:58 UT

Figure 9.

Images taken on March 24, 1995, of (a) a steady state airglow cloud produced by high-power radio

waves at 4.3 MHz and (b) a residual cloud that expands and decays after termination of radio waves
transmission. Analysis of these two images can yield the lifetime of O(!D), the horizontal components of
neutral wind velocity, and the rate of neutral diffusion in the upper atmosphere.

B.v, vXAt+ 7,
D,= - 20, _ v ( Ta)
CoAy— CoA, + ngon(Ao —A) 22
2A4( A At + A7, — AyT,) ’ (22)
b B oAt + 7,)
YT T4, 2
CylAO - CyOAI + Uyz'Ton(Ao -4, (23)

2A(AAL + Ay1, — Ayty) ’
where the second moment of the steady cloud is given by

Co=Apx*0)  Cyo=Ay¥0). (24)

Since the horizontal diffusion should be independent of direc-
tion, (22) and (23) give independent estimates of D, = D, =
D, in the upper atmosphere.

Two sets of data for the diffusion analysis were taken on
March 24, 1995, near 1737 and 1830 UT. Figure 9 illustrates
the example at 1830 UT where (1) a stable airglow cloud is
formed (Figure 9a) and (2) some residual airglow is seen after
the HF transmissions have stopped (Figure 9b). The number in
the bottom right corner of each image indicates the fraction of
the 45 s that the transmitter is on. Since HF was on for 9% in
the second image, this fraction of the first image was sub-
tracted from both images and the integration time (At) was
reduced by 9%. The other image at 1737 UT contained 29% of
HF on time and 71% of HF off time. Subtraction of 29% of the
HF on image and a 29% reduction of the exposure time was

used to compensate for this. After a 5 X 5 median filter was
used to remove stars and speckle noise the diffusion-convection
analysis using (15)—(24) was applied to the filtered images.

Measured values of lifetime 7,, neutral wind velocities v,
and v,, and diffusion coefficients D, and D, were obtained
from two artificial airglow clouds produced by HF waves re-
flecting at 260 and 278 km altitude. The reflection altitudes
were determined from analysis of ionograms obtained with an
ionosonde located at the SURA HF site. The reflection alti-
tude is taken to be the true height on the plasma density profile
where the HF transmitter frequency equals the F region
plasma frequency. When the transmitter frequency was 4.785
MHz, the reflection altitude was 278 km. When the transmitter
was reduced to 4.3 MHz, the reflection altitude dropped to
260 km.

Image processing of the 630 nm intensities yields the results
given in Table 2. A comparison between the estimated values
of diffusion coefficient shows that D, = D, and that the
diffusion coefficient increases with source altitude. Also, the
lifetime of the O('D) state is greater for a 278 km source
altitude than for a 260 km altitude. Both these effects are the
consequence of lower neutral densities at higher altitudes. A
more quantitative evaluation of the results, using an empirical
model for neutral densities and winds, is given in section 7.

7. Comparison With Model Neutral Winds
and Diffusion Coefficients

The results of the HPAA analysis will be compared with
neutral atmospheric parameters determined using the Mass
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Table 2. Aurtificial O('D) Cloud Analysis Compared With
Mass Spectrometer Incoherent Scatter (MSIS-86) Model on
March 24, 1995

1829:56 UT at
260 km Altitude

1736:45 UT
at 278 km Altitude

Measured Modeled Measured Modeled
Value Value Value Value
D,, em*s™!  1.36 x 10" 2.83 x 10"
D,, cm?>s7! 1.96 x 10'° 2.81 x 10'°
D, cm?s™!  8.04 x 10 2.94 x 10"
Ta S 29.4 424 434 53.1

Spectrometer Incoherent Scatter (MSIS-86) model [Hedin,
1987]. The thermospheric densities and pressure gradients ob-
tained from MSIS-86 are used to generate O('D) lifetimes,
neutral winds, and diffusion rates.

The theoretical value of lifetime (1,) is

T = (4p+ k[N,] + kO] + kie—1+ k4[0])"1, (25)

where the constants 4,, = 9.34 X 1073k, = 2.0 X 10!
exp (107.8/T,) cm® s™', k, = 2.9 x 10~ exp (67.5/T,)
em®s™ ky = 6.6 X 1071 cm®s™', and k, = 8§ X 10~12
cm® s~ are given by Sobral et al. [1993] and Melendez-Abvira et
al. [1995].

The theoretical value for the diffusion coefficient is obtained
from the binary diffusion for O('D) through each of the neu-
tral species in the atmosphere. The total diffusion coefficient
(Dy) is the reciprocal sum of the individual diffusion coeffi-
cients according to

(26)

(o)

ATOMIC OXYGEN
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420 420
400 400
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360 360
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o

Figure 10. Total loss rate and diffusion coefficient for
O('D) in the Mass Spectrometer Incoherent Scatter (MSIS-
86) model atmosphere.
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where D, = A T*/nj. A , and s, are constants from Yee and
Dalgarno [1987] for diffusion in O and from Banks and Kock-
arts [1973] for diffusion in molecular species (O, and N,), and
n, is the density of species “5”. The constants, densities, model
diffusion coefficients, and lifetimes for O(*D) are given in
Table 2 for the two altitudes of the measurements. Model
profiles for the diffusion coefficient and O('D) lifetime are
given in Figure 10.

The measured quantities 7, v,, v,and D, = D, = D, are
weighted by the profiles for the excited state according to (5)
and (6). The O('D) profiles are calculated using the numerical
model of energetic electron transport, collisional excitation,
and diffusion transport given by Bernhardt et al. [1989a]. A
suprathermal source with 0.001% of the ambient electrons in a
Maxwellian distribution having a characteristic energy of 1.72
eV yiclds the measured intensities of 630 nm airglow. This
source at 260 km altitude gives the profiles of excited atomic
oxygen illustrated in Figure 11. With this O(!D) profile and
the computed values diffusion and quenching rates in Figure
10, equations (5) and (6) are used to provide the weighted
average values of diffusion coefficients O('D) lifetimes that
are given in Table 3.

The following differences between the measured parameters
and the model parameters are noted. The measured diffusion
coefficients are consistently a factor of 10 larger than those
provided by the model. The measured diffusion coefficient is
consistent with a region ~80 km above the source altitude. The
airglow cloud diffuses more rapidly at higher altitudes, and
estimates based on cloud expansion may be biased toward
higher altitudes. The measured O('D) lifetimes are consis-
tently shorter than those provided by the model. The measured
lifetime is representative of a region 25 km below the source
altitude. The more rapid quenching of the airglow cloud at
lower altitudes may provide this difference.

460
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420 |
400 |
380
360 |
340 |
320
300
280
260 |
240
220
200 F
180 |
160 |
140 e bbb et el .
10-! 100 101 102 103 104
DENSITY (em=3)

Figure 11. Computed profiles of O('D) and O('S) excited
by high-power radio waves reflecting at 260 km altitude. The
red line intensity is 93.5 R. Rapid vertical diffusion of O('D)
on the topside of the airglow layer yields a scale height of 24.7

km. The O('D) density falls off more rapidly on the bottom-
side of the airglow cloud.

ALTITUDE (km)

6.4 R] :

") o('s) [
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Table 3. MSIS-86 Model Based Diffusion Coefficients and Radiative Lifetime for O('D)
Species Comments
o 0, N, Total H, km T, K

A, 2.06 X 107 9.69 X 10'¢ 9.69 X 10'°
s, 0.615 0.774 0.841
n, at 1830 UT, cm™? 8.0 x 10* 1.0 x 107 2.5 X 10® n =106 x 10° 260 822
D, cm? 57! 1.60 x 10" 1.75 X 10'? 1.10 x 10" D, =138 x 10" 260 822
kn, 6.4x10°° 03x107? 57%x1073 T, =46.1 260 822
n, at 1737 UT, cm™? 4.0 x 10® 4.0 x 10° 1.2 x 10% n =524 x 108 278 830
D,, cm? s~} 3.21 x 10'° 4.40 x 10" 2.30 x 10" D, = 2.82x 10" 278 830
kn, 32x10°° 0.1 x 1073 27%x107? 7T, = 65.1 278 830

The results of the neutral wind components extracted from
the March 1995 data and the plasma drifts obtained during the
same period 2 years earlier are summarized in Table 4. These
horizontal velocities are compared with neutral winds derived
using the horizontal wind model 1990 (HWMO90) [Hedin et al.,
1991] and plasma drifts measured at Saint-Santin in March
1974. The measured neutral winds determined from the arti-
ficial airglow source show reasonable agreement with the
HWMO90 model. The measured meridional east-west wind is a
good match with the model value. The zonal northward com-
ponent is larger than that provided by HWM90 but is in the
same direction. The neutral wind drives the quiet ionospheric
wind dynamo in the E region to produce electric fields that
induce E X B drifts in the F region [Salah and Holt, 1974]. If
the E region Pedersen conductivities at night become small
compared to the F region Pedersen conductivities, the F re-
gion can become polarized to produce E X B drifts in the
direction of the neutral wind. Consequently, it is not surprising
that the zonal neutral wind speed (96 m s~!) in Table 4 is of the
same order as the E x B drift speed (70 m s™') measured
during the same time period 2 years earlier at SURA. Simul-
taneous and independent measurements of the neutral winds
and plasma drifts can provide information on the electrostatic
interactions in the ionosphere.

8. Conclusions and Future Work

Remote sensing of the upper atmosphere with HPAA clouds
produced over the HF facility at SURA, Russia, has been
presented here for the equinox periods of March 1993 and
1995. Images of the airglow clouds have been used (1) to
demonstrate F region layer penetration by the HF beam, (2) to
illustrate the importance of phasing the HF antenna for form-
ing and pointing the radio beam, (3) to determine thresholds
for acceleration of electrons, (4) to measure plasma drifts with
high temporal resolution, and (5) to provide quenching rates,
winds, and diffusion coefficients in the neutral atmosphere.
The methods for image processing of the airglow clouds to

provide atmospheric quantities have included (1) filtering to
remove noise and point sources, (2) performing cross correla-
tions, and (3) finding integral moments of image intensities.

The results presented here could be improved with in-
creased airglow intensities and lower noise imaging systems.
Figure 9, for example, shows the effects of scintillations and
photo counting noise. The intensity of the airglow is deter-
mined by the capabilities of the HF facilities including trans-
mitter power, antenna gain, and beam width. Most HF facili-
ties are able to produce red line airglow from F region heating
with maximum intensities in the 100-200 R range by using
effective radiated powers (ERP) of the order of 100-250 MW.
The higher power facilities such as the “super heater” in
Tromso, which has an ERP of 1200 MW, and the High Fre-
quency Active Auroral Research Project (HAARP) facility in
Alaska, which has a design ERP of 1600 MW, should be able
to produce higher intensities. Attempts to increase the airglow
intensities with pulsing or electron gyro heating were not suc-
cessful.

The data presented here used an intensified, cooled CCD
camera. The intensifier with a gain of 1000 is used to produce
an optical flux on the CCD that is larger than the detector
readout noise. Consequently, the optical data are dominated
by intensifier noise. An alternative imaging system using a
bare, cooled CCD could be employed for improved image
quality if the detector readout noise is low enough. Other
sources of noise in the image data include stars, scattered
sunlight at dawn and dusk, moonlight, and meteorological ob-
scurants.

A fundamental limitation of the HPAA measurements is
that at night the ionospheric densities decay to the point that
the HF waves are no longer reflected. The lowest transmission
frequency varies with facility: 2.8 MHz at the HAARP and
High-Power Auroral Stimulation (HIPAS) facilities in Alaska;
3.175 MHz at Arecibo; 3.85 MHz at the EISCAT heating
facility in Tromso; 4.3 MHz at SURA, Russia; and 5.5 MHz at
the EISCAT super heater in Tromsé. The corresponding min-

Table 4. Data Comparison of Artificial Red-line Cloud Analyzed for Winds and Drifts

March 24, 1995 at 1830 UT

March 21, 1993 at 1930 UT

Measured Modeled Measured March 19, 1974
Neutral Wind  Neutral Wind*  Plasma Drift ISR Drifts
Zonal Component, m s~} 96.0 25.2 68.0 3510 95
Meridional Component, m s ! —68.6 =716 -95 +15 to —20

*Horizontal wind model 1990.
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imum densities for reflection in the F region fall in the range
of 9.7 X 10* to 3.7 X 10° cm™3, depending on facility. The
nighttime values of peak F region density often fall below these
values, especially at solar minimum. The most useful facility
for nighttime airglow studies has the capability of transmitting
below the critical frequencies of the F layer throughout the
night.

HF pumped artificial airglow (HPAA) can be a powerful
tool to study the upper atmosphere. Future experiments
should employ the steering capabilities of the antenna arrays to
excite emissions over horizontal ranges of a few hundred kilo-
meters at F region altitudes. Modern HF facilities and im-
proved imaging systems can be used together for novel studies
of the thermosphere using the HPAA technique described
here.
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