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[11] Coherent backscatter Doppler measurements, made simultaneously at 144 MHz and 50
MHz from a common volume in the midlatitude £ region ionosphere, were analyzed in
order to study the phase velocity ratio of type 1 plasma irregularities at 1 m and 3 m
wavelengths. In the analysis, high-resolution Doppler spectrograms were used first to
identify the type 1 events and then to estimate the mean and spectral peak velocities from
averaged power Doppler spectra. The simultaneous spectrogram signatures of type 1
echoes suggested a somewhat higher threshold for instability excitation at 144 MHz than at
50 MHz. Statistically, the measured 144 MHz to 50 MHz velocity ratios attain values above
unity, mostly in the range from 1.05 to 1.14 with an overall average of 1.10. This 10%
difference in the type 1 velocities at 144 MHz and 50 MHz was attributed to kinetic effects
at short plasma wavelengths. For comparison, a linear kinetic model of the Farley-
Buneman instability, which includes also a destabilizing plasma density gradient, was used
to provide numerical estimates of type 1 phase velocities. It was found that the theoretical
predictions for gradient-free Farley-Buneman waves agreed well with the observations,
under the suppositions that the strongest type 1 echoes come from E region altitudes where
conditions for instability are optimal and that type 1 waves have their phase velocities
limited at threshold values equal to the plasma ion acoustic speed. The present study has

confirmed the accuracy of the kinetic theory of the Farley-Buneman instability, which

strengthens its validity and suitability for meter-scale £ region irregularity studies.
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1. Introduction

[2] The linear theory of the Farley-Buneman (F-B) insta-
bility [Farley, 1963; Buneman, 1963], which has been
studied and applied extensively over the last 40 years, is
accepted as the plasma mechanism behind the so-called
“type 1” E region echoes observed with coherent back-
scatter radars. Type | echoes are identified with magnetic
aspect sensitive, mostly meter-scale, plasma waves which
are excited spontaneously if the relative electron to ion drift
velocity in the £ region exceeds the plasma ion acoustic
speed (e.g., see reviews by Fejer and Kelley [1980]; Farley
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[1985]; Haldoupis [1989]; Sahr and Fejer [1996]; and also
the textbook of Kelley [1989]).

[3] The F-B instability has been treated within both the
kinetic and fluid plasma theory frameworks. For example,
in the original work Farley’s theory was kinetic whereas
Buneman employed the fluid equations. The fluid theory
applies for plasma wavelengths considerably larger than the
ion mean-free path /; = V;/v; or the ion gyroradius r; = V,,/€);
(V;; is the ion thermal velocity and v;, ; are the ion neutral
collision frequency and ion gyrofrequency, respectively). In
practice this means that at £ region altitudes, say between
100 and 115 km where the instability operates, the fluid
model is valid for plasma wavelengths larger than a few
meters [e.g., see also Fejer et al., 1984]. At shorter wave-
lengths, the E region plasma gradually ceases to behave
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collectively and microphysical properties come into effect
which can be accounted for only by kinetic theory.

[4] Compared to the kinetic approach, the F-B fluid
theory is simpler and leads to a better physical insight
through its analytical expressions for the angular frequency
and growth rate of the waves. Because of this, the fluid
model was used extensively over the years and was found,
for all practical purposes, to be adequate down to irregu-
larity scales of 1 m (e.g., see reviews by Fejer and Kelley
[1980], Farley [1985], Haldoupis [1989]). On the other
hand, although small, the kinetic effects must be present at
shorter wavelengths if the existing kinetic theory models
them accurately. In particular, the predicted rise in insta-
bility threshold with decreasing wavelength may be signifi-
cant and thus experimentally resolvable. For example,
Farley’s kinetic theory predicts an instability threshold
about 15% higher for 1 m than for 5 m plasma waves
[e.g., see Farley, 1963, 1985]. Thus such differences could
be identified and measured with a carefully designed multi-
frequency Doppler radar experiment.

[5] So far, there is limited experimental verification of the
F-B instability kinetic effects at short wavelengths [Lea-
dabrand et al., 1965; Balsley and Farley, 1971; Moorcroft
and Ruohoniemi, 1987; Schlegel et al., 1990]. The present
paper provides rare observational evidence showing the
existence of such effects in meter-scale type 1 irregularities,
which is in line with kinetic theory predictions. The
observations were obtained with a dual VHF (very high
frequency) radio Doppler experiment which viewed the
unstable £ region plasma at 144 MHz and 50 MHz and
therefore was capable of detecting simultaneously type 1
echoes from plasma waves with 1.1 m and 3.1 m wave-
length, respectively. The measurements were made in the
midlatitude £ region ionosphere where type 1 echoes are
known to occur infrequently but with electric fields slightly
above the instability threshold, that is, under conditions
when the linear theory is applicable.

[6] In the sections to follow, the properties of midlatitude
type 1 echoes are first outlined and then the dual-frequency
Doppler experiment, on which the present study is based, is
described. Next, the results of the present analysis are
presented, which include typical examples and Doppler
velocity statistics of type 1 echoes observed simultaneously
at 144 and 50 MHz. Then, the experimental results are
compared with numerical estimates obtained from the
kinetic theory of the F-B instability, also with the inclusion
of a destabilizing plasma density gradient. Finally, the
physical reasons behind the theoretical predictions are
discussed and the paper concludes with a summary of the
main points.

2. Midlatitude Type 1 Echoes

[7] Type 1 irregularities occur regularly in the equatorial
and auroral E regions because electric fields, which drive
the F-B instability through E x B electron drifts, often
attain values higher than the instability threshold [e.g., see
Fejer and Kelley, 1980]. At midlatitude, ambient (dynamo)
electric fields are well below the F-B threshold and thus the
instability is unlikely to take place there. In spite of this
however, the operation of SESCAT, the acronym for Spora-
dic E Scatter experiment, in Crete, Greece, has established
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that type 1 echoes can also occur at midlatitude during
strongly unstable conditions inside sporadic E layers [Schle-
gel and Haldoupis, 1994; Haldoupis et al., 1997]. This
implies the existence at times of electric fields as large as
15 mV/m, at least an order of magnitude larger than
expected. More recently, midlatitude electric fields up to
about 20 mV/m were measured in situ during a rocket
campaign in Japan [Pfaff et al., 1998], and inferred from
other radar experiments at 144 MHz [Koehler et al., 1997],
52 MHz [Huang, 2000], and 30 MHz [Hysell and Burcham,
2000]. These relatively large E fields were interpreted as
polarization fields set up inside dense sporadic £ plasma
patches with sharp horizontal conductivity gradients [Hal-
doupis et al., 1996; Tsunoda, 1998; Shalimov et al., 1998;
Cosgrove and Tsunoda, 2001]

[8] Type 1 echoes last from several seconds to several
minutes and constitute a small but distinct subset of mid-
latitude scatter. They have narrow Doppler spectra with
peaks corresponding to wave phase velocities in the 250 to
350 m/s range, and average values about 15 to 20% lower
than nominal E region ion acoustic speeds. This is probably
because the ion acoustic speed, Cj, is reduced inside the
sporadic E layer plasma by the abundance of heavy metallic
ions, mostly Fe' [e.g., see Schlegel, 1985]. Often type 1
echoes are weak and appear in the spectrum together with
the commonly observed broader spectral part centered at
small Doppler shifts and attributed to “type 2”* echoes [e.g.,
see Fejer and Kelley, 1980; Haldoupis, 1989], whereas at
times type 1 echoes can dominate the spectrum or may
appear in the absence of any type 2 spectral component. The
observations support the notion of a velocity threshold for
instability and suggest that type 1 echoes are most likely
due to pure F-B waves, that is, there seems to be no plasma
density gradient contribution in the instability process.

3. A Dual-Frequency Radio Scatter Experiment

[9] The experiment to be described here was designed to
observe the wavelength dependence of meter-scale irregu-
larities in the midlatitude E region ionosphere. In brief, two
co-located continuous wave (CW) Doppler radars at 50
MHz and 144 MHz, with nearly identical antenna radiation
patterns, were operated simultaneously to detect backscatter
from the same region. The experiment took place in Crete,
where the existing 50 MHz SESCAT Doppler system [e.g.,
see Haldoupis and Schlegel, 1993] was supplemented by a
similar 144 MHz CW radar supplied by the University of
Saskatchewan, for joint backscatter measurements from
mid-June to mid-August 1996. The 144 MHz antenna
arrays, which consisted of four 10-element Yagis, were
scaled as closely as possible to the SESCAT 50 MHz arrays
so as to have very similar beamwidths in order to observe
the same E region volume.

[10] The experimental configuration and a few key
parameters are summarized in Figure 1. Both systems were
bistatic with the transmitter and receiver sites separated by
120 km along the northern coastline of Crete. The viewing
volume in the E region was defined by the intersecting
antenna radiation patterns and the strong magnetic aspect
sensitivity of the echoing irregularities. The 3 dB iono-
spheric viewing area of about 15 x 20 km?* was centered at
about 30.8° geomagnetic latitude (L = 1.35) and 52.5°
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Dual frequency Measurements in June/July/August 1996

Figure 1.

Location, observing geometry and technical information of the dual-frequency Doppler radar

experiment relating to the present study. Its purpose was to observe simultaneously at 144 MHz and 50
MHz magnetic aspect-sensitive coherent backscatter from 1.1 m and 3.1 m plasma irregularities inside a
common volume of the midlatitude £ region ionosphere.

magnetic dip, and was located just to the east of the Aegean
island of Milos. In this geometry the backscatter was caused
by electrostatic plasma waves propagating along the bisector
of the angle formed by the incident and the scattered radio
waves, with wavelengths of 3.15 m and 1.10 m for 50 MHz
and 144 MHz, respectively. Both receiver outputs were
digitized and processed on site by using two identical digital
signal processor (DSP) units housed in a personal computer.
Special software was developed that allowed fast Fourier
transformation and power computations to be performed in
real time. Power spectra were calculated every 0.8192 s with
a Doppler velocity resolution of 1.3 m/s and 3.6 m/s for the
144 MHz and 50 MHz backscatter, respectively.

[11] More experimental details and an overview of the
observations are given by Koehler et al. [1997]. These
demonstrated clearly for the first time the different character
of type 1 and type 2 irregularities. Both irregularity types
were observed at both frequencies, but the 144 MHz echoes
were considerably weaker than those at 50 MHz. The 144
MHz type 2 waves were absent during times of weak to
moderately strong 50 MHz echo occurrence and appeared
only when the signal at 50 MHz became very strong with
signal-to-noise ratios exceeding 20 dB; these differences
between frequencies suggested a steep wave number spec-
trum in the wavelength range from 3 m to 1 m. On the other
hand, and in sharp contrast to type 2 echoes, there was
nearly one to one correspondence in the occurrence of
type 1 echoes, even when the signal at 50 MHz was only
a few decibels above noise. In a later study by Koehler et al.
[1999], calibration procedures were applied in order to
study the scattering cross-section ratios and the spatial
spectrum. It was found that the k-spectrum is nearly 3 times

steeper for type 2 than type 1 waves in the 3 m to 1 m
irregularity wavelength range. The present paper, which
comes as a continuation of this previous work, focuses on
the simultaneous velocities of backscatter from 1 m and 3 m
type 1 irregularities and how these velocities compare with
kinetic theory.

4. Velocities of Type 1 Echoes at 144 and 50 MHZ

[12] During the two-month experimental campaign, sev-
eral events of type 1 echoes were detected, having lifetimes
from about 30 s to a few minutes. They were characterized
by abrupt, threshold-like, appearances of backscatter and
had narrow spectra with mean line-of-sight speeds exceed-
ing 250 m/s. Also, they were observed mostly with motions
away from the radar, that is, at negative Doppler shifts.
Type 1 echoes with positive velocities were also seen but
less often and with shorter lifetimes.

[13] A typical type 1 event is shown in Figure 2. Seen
there are Doppler spectrograms observed at 144 MHz and
50 MHz and scaled to Doppler velocity instead of frequency
shift in order to facilitate direct comparison between the two
radio frequencies. The two spectrograms in Figure 2 look
different, with the 50 MHz one being much busier. This is
because of the low-velocity broad spectra associated with
type 2 echoes, which tend to dominate the scatter at 50 MHz
but not at 144 MHz. The type 2 echoes at 50 MHz and 144
MHz, which have been studied in detail by Koehler et al.
[1997, 1999], are of no relevance to this study. Here we
focus only on type 1 echoes which appear nearly always in
both the 144 and 50 MHz spectrograms, although not
always for the same duration.
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Figure 2. Simultaneous Doppler spectrograms of coherent backscatter at 50 MHz (top) and 144 MHz
(bottom). Seen here is a typical event of type 1 echoes, characterized by large negative Doppler velocities
and narrow spectra, seen concurrently in both radar frequencies. The time axis is in decimal hours UT
(local time LT = UT + 1.6 hours). The long narrow lines are either due to antenna sidelobe airplane
reflections or interference. Note also that type 2 echoes (broad spectra centered at lower Doppler shifts)
dominate the spectrogram at 50 MHz but they are nearly absent at 144 MHz. See color version of this

figure at back of this issue.

[14] The type 1 echoes in Figure 2 are present in both
radio frequencies for about 6 min from ~19.93 to 20.03
decimal hours UT. They are marked by a narrow spectrum
about a fairly constant Doppler velocity near 300 m/s,
which is typical of midlatitude type 1 backscatter [e.g.,
see Haldoupis et al., 1997]. Note that the type | spectral
signature lasts longer at 50 MHz, since it extends in time
prior and after the abrupt appearance of its 144 MHz
counterpart. This may be attributed to a lower threshold
for 3 m type 1 wave excitation as compared to 1 m
waves.

[15] In the present study we are interested in comparing
the type 1 velocities observed simultaneously at 50 and 144
MHz. To obtain a quantitative picture, we considered self-
normalized power spectra averaged over about 10 s and
smoothed further by a 5-point binomial filter. An example
of such a spectrum pair is illustrated in Figure 3. As maybe
seen, the 144 MHz type 1 spectrum (dashed line) is shifted
to higher Doppler velocities by about 8% to 10% relative to
the 50 MHz one (solid line). Inspection of many plots
similar to Figure 3 indicated that the great majority of type

1 spectra at 144 MHz are centered systematically at some-
what higher Doppler velocities than those at 50 MHz.

[16] To quantify the differences between the 144 and 50
MHz type 1 velocities, we considered the Doppler velocity
band of =(200 to 400) m/s, and computed therein both the
weighted mean velocity, V..., and the velocity at the
spectral peak, V... These estimates are taken to represent
approximately the mean and most probable type 1 wave
phase velocities. In making this correspondence, we are of
course aware of possible offsets introduced by neutral wind
components along the observing direction. These effects,
however, which cannot be determined by our data alone,
will affect equally the magnitude of the phase velocities of
I m and 3 m waves.

[17] Figure 4 illustrates the times series of the V.., and
Vpear for the event shown in Figure 2. During the occur-
rence of type 1 echoes between about 19.93 and 20.03
decimal hours UT, both phase velocity estimates are system-
atically higher for the 1 m waves by 20 to 30 m/s relative to
the 3 m waves. In general, this behavior was noted to
prevail in nearly all type 1 events available in this study.
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50 MHz/144 MHZ E Region Doppler Spectra
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Figure 3. A typical example of a Doppler power spectrum pair of type 1 echoes detected
simultaneously at 50 and 144 MHz. As seen, at 144 MHz (dash line) the type 1 spectrum is shifted
by about 30 m/s (~10%) in relation to that at 50 MHz (solid line). At 50 MHz the spectrum is a mixture

of type 1 and type 2 echoes but not at 144 MHz.

[18] Figure 5 shows scatterplots, where all simultaneous
144 MHz versus 50 MHz type 1 velocity estimates are
compared to each other. The top panels refer to V,cun
whereas the bottom ones to V,c.. The open dots in the
left-hand panels refer to type 1 echoes with negative
Doppler shifts, whereas the solid dots in the right-hand
panels refer to positive Doppler shifts. The positively
shifted echoes represent a total of about 21 min of type 1
echo occurrence while the negatively shifted ones represent
about 12 min. The diagonal solid lines in each figure
represent positions of equal 144 MHz and 50 MHz veloc-
ities. The type 1 velocity estimates, either V,.cq, or Viear,
fall in the (250 to 350) m/s range and are systematically
higher at 144 MHz than at 50 MHz.

[19] The histograms of the measured V,eq and Veux
velocity magnitudes are shown in Figure 6, in which both
positive and negative Doppler shifts are included. The upper

panel shows the superimposed mean velocity distributions
of 50 MHz (solid line) and 144 MHz (dashed lines),
whereas the bottom panel shows the corresponding peak
velocity distributions. The 144 MHz velocity distributions
are shifted to higher velocities by about 20 to 40 m/s
relative to the 50 MHz ones. Shown also in the figure are
the computed weighted means of the distributions which, on
the average, show that type 1 velocities at 144 MHz are
about 10% higher than at 50 MHz.

[20] Finally, Figure 7 shows the distributions of V..,
(upper panel) and V.. (lower panel) velocity ratios of 144
MHz to 50 MHz type 1 echoes. Again, the histograms shown
here are based on the total number of estimates for positively
and negatively Doppler shifted echoes. Also printed at the left
of each panel are the weighted mean and standard deviation
of the histograms. By considering all distributions we con-
clude that the type 1 velocity ratios Vi4anss./Vsor take up
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Figure 4. Weighted mean and spectral peak velocities in the —200 to —400 m/s spectral band, measured
simultaneously at 50 MHz (solid line) and 144 MHz (dash line), shown for the same time interval as in
Figure 2. As seen, these velocity estimates remain steadily higher at 144 MHz, in relation to those at 50
MHz, during the occurrence of type 1 echoes from about 19.94 to 20.04 decimal hours UT.

values systematically higher than 1.0. The mean velocity
ratio ranges on the average between about 1.09 and 1.11.

5. Predictions of the Kinetic Theory

[21] In this section we apply the linear kinetic theory of
the F-B instability at threshold conditions (marginal stabil-
ity) in order to compare its predictions with our experimen-
tal findings. An alternative approach would have been to
apply the generalized fluid theory of the F-B instability,
developed by Kissack et al., [1995], which incorporates in
addition to the continuity and momentum equations the
complete energy equation for the electrons. We believe that,
for the purposes of the present short wavelength study, the
kinetic theory is more suitable.

[22] In this comparison, we adopt the widely used sup-
position that the phase velocities of type 1 echoes are
limited to instability threshold values. That is, they are close
to C, regardless of the driving electron-ion drift velocity
magnitude. This has been inferred from many equatorial and
auroral type 1 velocity measurements and is used widely in
the literature (see reviews by Fejer and Kelley [1980],
Farley [1985], Haldoupis [1989]; also see relevant studies
of simultaneous E region backscatter and incoherent scatter
electric field measurements by, e.g., Nielsen and Schlegel
[1985] and Haldoupis and Schlegel [1990]). In our case, the
Vphase = Cy assumption is likely to be valid anyway because
at midlatitude the electric fields are small and thus are not
expected to exceed the F-B threshold greatly. This implies

that at midlatitude the instability is likely to operate not far
above its threshold and under conditions when linear theory
is approximately valid.

[23] The original kinetic theory of Farley [1963] was later
extended to shorter wavelengths by considering additional
finite Debye-length and electron Larmor-radius terms [Lee
et al., 1971], and generalized further to include a destabi-
lizing plasma density gradient [Schmidt and Gary, 1973].
Since then, the theory has been developed further and used
by several authors in the investigation of short-scale type 1
irregularities in both the equatorial and auroral electrojets
[e.g., Ossakow et al., 1975; Schlegel and St.-Maurice, 1983;
Schlegel, 1983; Moorcroft, 1987, among several others].

[24] Here we use for computations the kinetic theory
version given by Schlegel [1983] and Schlegel and St.-
Maurice [1983]. The dispersion relation depends on the
gyrofrequencies, the collision frequencies with the neutrals,
and the temperatures for both the electrons and ions. It also
depends on the instability driving terms, that is, the elec-
tron-ion drift velocity V, = V, — V, (which at lower
altitudes is taken nearly equal to the Hall electron drift
V, =E x B/B%), and the electron density gradient VN,. As
discussed by Moorcroft [1987], for a given set of these
parameters the real and imaginary part of the dispersion
relation can be represented functionally as

ﬁ(w7y7k76)20’ ﬁ(w7’y7k’e)20

where w, vy and & are the plasma wave angular frequency,
growth rate and wave number, respectively; 0 is the
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Figure 5. The mean (top panels) and peak (bottom panels) Doppler velocities at 144 MHz are plotted
against those at 50 MHz for positively (right-hand panels) and negatively (left-hand panels) Doppler-
shifted type 1 echoes. Mean and peak velocities remain steadily higher at 144 MHz than at 50 MHz.

magnetic aspect angle, that is, the angle between k and the
direction perpendicular to the magnetic field. For a given &
and 0 these equations can be solved numerically to obtain w
and . The dispersion relation was solved by using the
iterative computational procedure of Schlegel and St.-
Maurice [1983].

[25] All calculations were carried out for the irregularity
wavelengths of 1.10 m (144 MHz) and 3.15 m (50 MHz),
which are probed in the Crete backscatter experiment.

Typical E region plasma parameters were used which, for
a given altitude, included the collision frequencies of
electrons and ions with the neutrals, and the electron
and ion temperatures. Since midlatitude backscatter relates
closely to sporadic E layers [e.g., see Hussey et al., 1998],
a mean ionic mass m; = 43 amu (atomic mass units) was
adopted as representative of the metallic ion population,
between the heavy Fe' ions (56 amu) and the lighter
metallic ions like Si* (29 amu) and Mg" (24 amu) [e.g.,
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Figure 6. Normalized histograms (distributions of occur-
rence) of the estimated mean (top) and peak (bottom)
velocities for 50 MHz (solid line) and 144 MHz (dash line)
type 1 echoes.

see Schlegel, 1985]. As for the gyrofrequencies, we used
0, =76 x 10°s7 " and Q, = 133 5!, with the magnetic
field at the SESCAT field of view taken as equal to
0.43 G. Finally, the excited plasma waves are assumed
to propagate almost perpendicular to the magnetic field
and to have phase velocities equal to those at instability
threshold, which implies that all calculations were carried
out for y ~ 0 and 0 ~ 0°. This allowed the estimation of
w and subsequently of the wave phase velocity V), = wk
at threshold, as well as the threshold electron drift velocity
Vi, or alternatively the threshold electric field £y, ~ V,,B.

[26] The kinetic theory results in the absence of an
electron density gradient are summarized in Figure 8§ for
altitudes between 95 and 115 km. As seen from the upper
panel, the threshold electric field always remains greater for
1.10 m waves than for 3.15 m, with this difference becom-
ing maximum between 104 and 106 km where the conditions
for instability become optimal. There, E;, attains its mini-
mum values near 13.5 mV/m and 15 mV/m for the 3.15 m
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and 1.10 m wavelengths, respectively. Note that below about
100 km E,, experiences a steep increase because of large
increases in the collision frequencies of the charged particles
with the neutrals at lower altitudes. In upper altitudes the
instability threshold increases again but more gradually,
because of higher C; values caused by the increase in the
particle temperatures with height, combined also with the
diminishing role of collisions with increasing altitude; also,
another contributing factor to the increase in threshold
electric field with height is the increasing ion velocity as
the ions become increasingly magnetized.

[27] As mentioned, the objective here is to compare the
observed type 1 velocities at 144 and 50 MHz with the
kinetically predicted phase velocities at instability threshold
for the 1.10 m and 3.15 m F-B plasma waves. The
theoretical predictions are shown in the mid and lower
panels of Figure 8. The phase velocity at threshold is always
higher for 1.10 m waves than for the 3.15 m ones. The
difference between the phase velocities increases with
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Figure 7. Normalized histograms (distributions of occur-
rence) of the mean (top) and peak (bottom) velocity ratios of
144 MHz to 50 MHz type 1 echoes. The distributions show
that type 1 velocities at 144 MHz are on the average about
10% higher than at 50 MHz.
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Figure 8. Marginal stability (threshold) predictions of the kinetic theory of Farley-Buneman instability
for 1.1 m and 3.15 m plasma wavelengths, corresponding to 144 MHz and 50 MHz backscatter,
respectively. The numerical results are computed for plasma density gradient-free conditions and for
waves propagating almost perpendicular to the magnetic field inside midlatitude sporadic £ (metallic ion)
plasma. The upper panel refers to the required electric field threshold, the mid panel to the wave phase
velocities and the lower panel to the 1.1 m to 3.1 m phase velocity ratio. Note that the conditions for
instability are optimal at about 104 to 105 km altitudes.
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Figure 9. Threshold predictions at 105 km altitude, of the Farley-Buneman instability kinetic theory for
the phase velocities of 1.1 m and 3.15 m plasma waves (top) and their ratio (bottom), as a function of a

(destabilizing) plasma density gradient length.

altitude up to about 105 km and then decrease again, a
behavior that is to be discussed later. If we take only the
optimal heights for instability, say between 104 and 106 km,
then the predicted threshold velocities there are about 315
m/s and 290 m/s for the 1.10 m and 3.15 m wavelength
waves, respectively, while their phase velocity ratios are
near 1.09. These values compare quite well with the
observed mean phase velocities at 144 MHz and 50 MHz
and their ratios, which were found to be about 325 m/s, 295
m/s and 1.10, respectively.

6. Possible Effects of a Destabilizing Density
Gradient

[28] The theoretical predictions in Figure 8 refer to pure
F-B waves where there was no contribution of an electron
density gradient in the excitation of the instability. Although
the observations of midlatitude 50 MHz type 1 echoes
support this postulation [e.g., see Schlegel and Haldoupis,
1994; Haldoupis et al., 1997], possible density gradient
effects on instability excitation cannot be ruled out entirely.
As shown first by Farley and Fejer [1975], a destabilizing

electron density gradient perpendicular to the magnetic field
and parallel to the electric field could lower the instability
threshold, and hence the observed phase velocities, to an
extent that depends on the plasma wavelength. This thresh-
old reduction is higher at longer than at shorter wave-
lengths. That is, a destabilizing plasma density gradient
acts in the same direction as the kinetic theory effects do to
lower the instability threshold of longer meter-scale waves
more, relative to shorter ones.

[29] In order to judge if density gradient effects are
significant in the dual-wavelength phase velocity measure-
ments, similar kinetic theory calculations were performed
but in the presence of a destabilizing plasma density
gradient. The latter is characterized by a gradient length
Ly = N, (dN,/dx)"" along the ambient electric field per-
pendicular to B, where N, is the mean electron density. The
numerical results for this case, computed at the optimal
altitude of 105 km, are presented in Figure 9. The upper
panel shows the phase velocity at threshold as a function of
Ly for both wavelengths, whereas the lower panel shows
the 1.10 m to 3.15 m phase velocity ratio also as a function
of LN
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[30] Figure 9 suggests that the measured type 1 mean
velocities and their ratio can be approached only for large
gradient lengths Ly, exceeding say values of 15 to 20 km.
But, large Ly means a small and, for short wavelengths,
rather insignificant density gradient effect. This reinforces
the assumption of dealing with pure F-B waves because, as
shown in Figure 8, almost the same velocity ratio near
1.09 was predicted at 105 km by the theory in the absence
of any density gradient. On the other hand, although it
cannot be proved by our data alone, Ly larger than, say 10
to 15 km, are not likely to exist during backscatter
conditions. This is because the ambient electron density
gradients during unstable conditions at midlatitude result
from very steep vertical gradients in sporadic E layers.
Thus gradient lengths perpendicular to B are expected to
take values below say 1 to 3 km, which is in line with
what is quoted often in the literature [e.g., Ecklund et al.,
1981; Riggin et al., 1986, and several others]. As seen
from Figure 9, these Ly values associate with phase
velocity ratios V7 1,,/V3.1,, greater than 1.15 to 1.20, which
depart from the observations.

[31] In view of the arguments above, we conclude that
there seem to be no significant effects in instability thresh-
old reduction attributable to a destabilizing plasma density
gradient. Thus, the observed velocity ratios Vigqps./
Vsomu- relate, very likely, with pure Farley-Buneman
waves.

[32] On the other hand, the lack of density gradient effects
on the observed type 1 irregularities points to the possibility
of a serious discrepancy between theory and observations.
This arises because, during E, backscatter conditions, sharp
destabilizing electron density gradients are expected to
exist, which should lower the threshold phase velocity
below C; in accordance with the linear theory [e.g., Farley
and Fejer, 1975]. Instead, the observed velocities are near
ion-acoustic speed values which implies an apparent dis-
agreement with conventional theory. This implication is not
new, as similar problems occur at high-latitude HF back-
scatter, where type 1 echoes with velocities near C are
routinely observed [e.g., see Milan and Lester, 2001;
Lacroix and Moorcroft, 2001] in spite of the fact that plasma
density gradients must be of importance in those observa-
tions. A possible explanation may be found in the new
“blob” theory of St.-Maurice and Hamza [2001], where the
effects of gradients become negligible with wave growth,
provided that the electric field is sufficient to generate an
instability in the absence of a (favorable) gradient. We
believe that this issue is of importance and deserves
attention and a careful investigation.

7. Discussion

[33] To our knowledge, the only multifrequency radar
experiment of relevance to our study was performed 30 years
ago in the equatorial electrojet by Balsley and Farley [1971].
They made simultaneous Doppler spectrum measurements
from the same E region volume in three frequencies: 16.25,
4992 and 146.25 MHz. Their VHF observations, which
compare directly to ours, were based on three daytime
events of backscatter when westward propagating type 1
waves are seen routinely in the equatorial electrojet. As in
our study, they always observed type 1 echoes in both radar
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frequencies and measured systematically higher mean
velocities at 146 MHz than at 50 MHz. They reported
146 MHz to 50 MHz velocity ratios for the type 1 spectral
peaks ranging from 1.07 to 1.15 and quoted an average
velocity ratio of 1.10, which is very much in line with our
observations. This remarkable agreement reinforces the
reliability and representability of both their equatorial and
our midlatitude type 1 echo measurements. Balsley and
Farley [1971] attributed their observed 10% difference in
the type 1 velocities at 146 MHz and 50 MHz to short
wavelength kinetic effects as modelled by the theory of
Farley [1963].

[34] Next, we discuss the possible physical reasons
behind the observed increase in phase velocity, V,;, with
decreasing irregularity wavelength, . Given that the phase
velocities of type 1 waves take up values equal to the
plasma ion-acoustic speed, Balsley and Farley [1971]
attributed the differences in V), as being mainly due to
increases in C; with decreasing X\. Although Cy is not a
natural parameter as in the fluid theory, it enters indirectly
into the kinetic equations through the Maxwellian distribu-
tion of the charged particles. The ion acoustic speed

o _ [KobuTi+ )

’ (m;)

(where K is the Boltzmann constant, 7;, 7, are the ion and
electron temperatures, and (m;) is the mean ionic mass), will
depend on wavelength through the specific heat ratios +y;
and v, for the ions and electrons. Given a plasma wave
frequency w and wavelength \, the charged particles gain or
lose energy by remaining within a wave compression or
rarefaction. In simple terms, the particles are considered
isothermal if they become fully thermalized with the
neutrals through collisions during the period of the wave.
Otherwise, they may be partly isothermal and partly
adiabatic, or fully adiabatic if there is no energy exchanged
with the neutrals.

[35] In the conventional fluid theory, the specific heat
ratios are taken to be independent of wavelength and often
are set equal to unity, implying that both charged species
behave isothermally. This, however, may not be true at
shorter scale lengths, because, as put by Balsley and Farley
[1971]: “the electron and ion motions will be approximately
isothermal at some wavelengths and approximately adia-
batic in others™, a situation that is expected to be automati-
cally accounted for only by a complete kinetic theory. The
conventional kinetic theory of the F-B instability, which was
also applied in the present study, models reasonably accu-
rately only ion-neutral collisional effects but it is approx-
imate with respect to the electrons by forcing them to be
isothermal. This means that the kinetic theory considers
vYe =~ 1, therefore the dependence of C; on X can only be
attributed to vy;.

[36] The issue of whether the electrons are isothermal or
adiabatic for meter-scale waves is complex and seemingly
controversial. For example, Farley and Providakes [1989]
used qualitative arguments to suggest that, for most sit-
uations of interest and because of the long cooling rates
involved, electrons can be nearly adiabatic with 3 degrees
of freedom, that is, y, = 2/3. On the other hand, Kissack et
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al. [1997] used a rigorous fluid theory to show that these
arguments break down because of thermal effects, and that
v. takes a range of values depending on wavelength,
magnetic aspect angle, electron and ion temperatures, and
the electron-neutral collision frequency. Actually, the
theory of Kissack et al. [1997] predicts vy, values close to
1.0 for both 1 m and 3 m waves propagating perpendicular
to B and for plasma conditions which are applicable to
midlatitude E region. This result, which was interpreted as
that the electrons control their own temperature and thus
behave isothermally, is in agreement with the vy, ~ 1
approximation adopted in the kinetic theory of the F-B
instability.

[37] With respect now to the massive ions, and because of
the large energy exchange in elastic collisions with the
neutrals, it is reasonable to consider that ions act more
isothermally (y; = 1), especially at lower altitudes where
v; > wand /; < \. Although the isothermal approximation
for the ions is widely used in the literature [e.g., Fejer and
Kelley, 1980; Kissack et al., 1997], it may not be fully valid
for short wavelengths at altitudes where v; becomes com-
parable to the plasma wave frequency w. As shown by
Stubbe [1989] in a rigorous kinetic treatment of E region
electrostatic waves, the specific heat ratio for the ions can
take values between 1 (isothermal) and 3 (adiabatic particles
with one degree of freedom), depending on how the plasma
wave frequency compares with elementary collisional
effects of momentum transfer, energy transfer, and isotrop-
ization rates at different irregularity scales. As Stubbe [1989]
shows, the ions are isothermal (y; = 1) when v; > w and
adiabatic with y; = 3 when v; < w, whereas for the case
when v; and w are comparable the ions may be partially
isothermal and partially adiabatic, that is, 1 <y, <5/3. It is
important to stress that the kinetic theory is taking into
account these ion effects.

[38] We now apply the above, rather simplified, line of
reasoning to the wavelengths of 1.1 m and 3.15 m, which are
of interest to this study. First, by taking a typical phase
velocity of 300 m/s for type 1 waves we estimate: wy,, ~
1.7 x 10° s7! and ws,, ~ 6.0 x 10% s, corresponding to
periods: Ty,, ~ 3 ms and 73,, ~ 10 ms. On the other hand, v;
ranges from about 1.2 x 10* s~ at95kmto 1.9 x 10° s~ " at
105 km and to 4.2 x 10% s~ " at 115 km. Next, by comparing
v; to both wy,, and wjs,,, we conclude that at lower altitudes,
where v; > Wi,,, W3, the ions are nearly isothermal for
both, 1 m and 3 m waves and thus v,,(1m) ~ V,,(3m)
because Cy(1m) ~ Cy3m). As the altitude increases how-
ever, the ions are expected to gradually become less
isothermal and more adiabatic, in response to the decrease
in collision frequency v, relative to plasma wave frequencies
w. This tendency is certainly more effective for I m wave-
length waves than for 3 m ones, because in the latter case
the period of the wave is larger. As a result, the ions can
undergo more collisions with the neutrals within a wave
period and therefore they behave less adiabatically at larger
than shorter scales. Consequently, C; will be somewhat
larger for 1 m waves than for 3 m waves, because vy; (1m) >
v; (3m), and so will the corresponding F-B phase velocities at
threshold. The above physical arguments reconcile well with
the kinetic theory estimates shown in Figure 8, where the
required thresholds for instability and the phase velocity
estimates at threshold are steadily higher for 1 m waves than
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for 3 m waves throughout the entire altitude range under
consideration, that is, from 95 to 115 km.

[39] This interpretation is in line with suggestions made
by Schlegel [1983] in his kinetic treatment of meter-scale
waves, which was also used in the present study. There, he
identified the ratio of wave frequency to ion-neutral colli-
sion frequency, w/v;, as the most likely factor behind the
dependence of type 1 phase velocities on wavelength. In
fluid theory, the ratio w/v; is required to be rather small,
which agrees only for long wavelengths for which there is
agreement between kinetic and fluid theory. This require-
ment however, becomes less and less valid with decreasing
wavelength, leading to an increasing departure between the
fluid and kinetic theory predictions for the phase velocity,
with a corresponding spread between the phase velocities of
50 MHz and 144 MHz type 1 echoes.

[40] Finally, there is still an interesting theoretical trend
in Figure 8 that needs to be mentioned. This relates to the
altitude dependence of phase velocity difference AV, =
Von(Im) — V,,(3 m). As seen, AV, increases steadily with
altitude up to about 105 km, where it attains a maximum,
and then starts decreasing. This behavior is depicted clearly
by the change of V,,(1m)/V,,(3m) ratio with altitude,
shown in the lower panel of Figure 8. In view of our
previous discussion, this implies that the tendency for the
ions to become more adiabatic at shorter scales (1.1 m)
than at longer ones (3.1 m) has to be a non-monotonic
function of altitude. Then, the behavior of the V,,(1m)/
V,n(3m) ratio with altitude might be tentatively understood,
if the effective v; values for 1 m and 3 m waves are
gradually converging at higher altitudes as v; becomes
increasingly smaller relative to both, wy,, or ws,,. Unfortu-
nately, there is no altitude information in our experiment
which would have allowed us to test this interesting
theoretical prediction.

8. Summary and Conclusion

[41] In this paper, midlatitude £ region backscatter meas-
urements made simultaneously at 144 MHz and 50 MHz
were analyzed in order to study how the phase velocities of
type 1 plasma irregularities at 1.1 m and 3.1 m wavelengths
compare to the predictions of the Farley-Buneman insta-
bility kinetic theory. Our motivation was to test the accuracy
of the kinetic theory itself. The main results are summarized
as follows:

1. The 144 MHz type 1 echoes required a somewhat
higher threshold for excitation, and thus lasted for shorter
lengths of time relative to those at 50 MHz. Statistically, the
mean velocity at 144 MHz was ~325 m/s, about 30 m/s
higher than at 50 MHz. The velocity ratio of 144 MHz to 50
MHz type 1 echoes ranged from about 1.06 to 1.14, with an
overall mean value near 1.10. In other words, the phase
velocities of 1.1 m type 1 irregularities were found to be on
the average about 10% higher than at 3.1 m. The velocity
differences of type 1 echoes at 144 MHz and 50 MHz were
attributed to kinetic effects which are known to intensify at
short wavelengths.

2. To compare the observations with theory, a linear
kinetic model of the Farley-Buneman instability was used to
compute numerical estimates of the phase velocities at
threshold for 1.1 m and 3.1 m plasma waves. A very good
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agreement was found between the observations and the
kinetic theory predictions, under the postulations that type 1
echoes: a) are due to pure Farley-Buneman waves that
originate mostly from E region heights where instability
excitation is optimal, and b) have phase velocities limited at
instability threshold values. The theory predicts about 9%
higher threshold phase velocities for 1.1 m waves relative to
3.1 m waves, which agrees well with the 10% difference
measured by the experiment.

3. In order to examine whether or not an ambient density
gradient plays a greater role in lowering the instability
threshold for 144 MHz than for 50 MHz echoes, phase
velocities for 1.1 m and 3.1 m waves were again computed
kinetically as a function of a destabilizing plasma density
gradient. It was shown that for the gradient lengths
anticipated in midlatitude, the predicted velocity ratios
departed significantly from the measured values. This has
reinforced the conviction that the observed type 1 echoes
related to pure Farley-Buneman waves, and thus the
measured differences in phase velocity are due to kinetic
effects at short wavelengths. On the other hand, this
observation casts some doubt about the density gradient role
on primary wave generation as modelled by the conven-
tional theory.

[42] In conclusion, the measured 144 MHz to 50 MHz
velocity ratios of type 1 echoes were found to be in good
agreement with the kinetic theory of the F-B instability,
which predicts that the phase velocity of meter-scale plasma
irregularities should increase slightly with decreasing wave-
length. Physically, this was attributed to the differences of
specific heat ratios for the ions with irregularity wavelength
for meter-scale waves in the E region plasma, especially at
altitudes where the conditions for instability are optimal.
The present experimental verification of the anticipated,
short-scale, kinetic effects of the Farley-Buneman theory
confirms the accuracy of the theory and thus strengthens its
validity as the key instability mechanism in the E region
ionospheric plasma.
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HALDOUPIS ET AL.: OBSERVATION OF KINETIC EFFECTS IN F-B WAVES
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Figure 2. Simultaneous Doppler spectrograms of coherent backscatter at 50 MHz (top) and 144 MHz
(bottom). Seen here is a typical event of type 1 echoes, characterized by large negative Doppler velocities
and narrow spectra, seen concurrently in both radar frequencies. The time axis is in decimal hours UT
(local time LT = UT + 1.6 hours). The long narrow lines are either due to antenna sidelobe airplane
reflections or interference. Note also that type 2 echoes (broad spectra centered at lower Doppler shifts)
dominate the spectrogram at 50 MHz but they are nearly absent at 144 MHz.
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