Annales Geophysicae, 23, 332337, 2005 — "*
SRef-ID: 1432-0576/ag/2005-23-3323 G Annales
© European Geosciences Union 2005 GeophySIcae

Is there a plasma density gradient role on the generation of
short-scale Farley-Buneman waves?

C. Haldoupis!, T. Ogawé?, K. Schlege?, J. A. Koehler*, and T. Onc®

Iphysics Department, University of Crete, Iraklion, 71003 Crete, Greece

2Solar-Terrestrial Environment Laboratory, Nagoya University, Toyokawa, Aichi 442-8507, Japan

3Max-Planck Institutfir Sonnensystemforschung, 37191 Katlenburg-Lindau, Germany

4Department of Physics and Engineering Physics, University of Saskatchewan, Saskatoon, SK, S7N-5E2, Canada
SDepartment of Geophysics, Tohoku University, Sendai, Japan

Received: 19 May 2005 — Revised: 20 September 2005 — Accepted: 27 September 2005 — Published: 30 November 2005

Abstract. The physics of the unstable E-region plasma is1 Introduction

based on the modified two stream, or Farley-Buneman, and

the gradient drift instabilities. The theory combines both Numerous radar studies on equatorial, auroral, and mid-
mechanisms into a single dispersion relation which appliedatitude E-region plasma irregularities have led to the con-
for the directly generated short-scale plasma waves, knowwiction that the operating mechanisms that destabilize the
as type 1 irregularities. In the absence of a plasma gradiplasma are the modified two stream, or Farley-Buneman
ent it is only the two stream mechanism acting which favors(FB), and the gradient-drift (GD) instabilities (e.g. see re-
wave excitation ifE x B electron drifts relative to the ions views by Fejer and Kelley, 1980; Farley, 1985; Riggin et
exceed a threshold slightly above the ion acoustic speed. Oal., 1987; Haldoupis, 1989; Sahr and Fejer, 1996; Moor-
the other hand, the theory also predicts that a destabilizingroft, 2002; and references cited therein). Through the past
(stabilizing) electron density gradient acts to decrease (inyears, the radar experiments, which cover the HF, VHF and
crease) the ion acoustic threshold, and hence the wave phasfHF (high, very high, and ultra high) frequency bands and
velocities at threshold, depending on the gradient strengthhus observe only short-scale irregularities with wavelengths
and the wavelength. Given a destabilizing plasma gradientyanging from decameters to fractions of a meter, have iden-
the threshold reduction is larger at longer than shorter wavetified a different role for each of the two instability mech-
lengths and thus the best way to test the gradient role is bynisms: The FB instability is considered responsible for
simultaneous observations of type 1 waves at two or more rathe direct excitation of the so-called type 1 irregularities,
dio backscatter frequencies. The present paper relies on dufik. short-scale plasma waves growing spontaneously when
frequency backscatter observations of 1.1 m and 3.1 mtype ¥ x B electron drifts exceed a threshold that is slightly above
irregularities made simultaneously at 144 MHz and 50 MHz, the ion-acoustic speed. The GD instability, which can lead
respectively, in mid-latitude sporadic E-layers. Using as typ-to direct excitation of large-scale plasma waves, is identified
ical plasma gradient scale lengths for destabilized sporadigvith the so-called type 2 irregularities which are also short-
E-layers those that are obtained from rocket electron densitgcale waves but believed to be generated indirectly through
profiles, the radar observations are compared with the prea process of turbulent cascade from long wavelength GD
dictions of kinetic theory. The results suggest that the plasmalasma waves. In brief, the identification of type 1 and type 2
density gradient effect on meter scale Farley-Buneman wavegregularities with the FB and the GD instability mechanisms,
is not important. This is reinforced further by the analysis of respectively, has become a well established notion in this
backscatter from destabilized meteor trail plasma when venield of research.

steep gradients are expected in electron density. The presenton the other hand, the combined linear theory of Farley-
findings, and more from past studies, question the electrorsyneman and gradient drift (FB-GD) plasma instabilities
density gradient role in the generation of short-scale plasmayedicts that the GD mechanism can also generate at times
waves as predicted by the linear instability theory. This de-short-scale type 1 waves directly. According to the theory,
serves attention and more study. this becomes possible if steep plasma gradients exist along
the ambient electric field, even when electron drifts are below
the ion acoustic velocity threshold required under gradient-
free conditions. The destabilizing (or stabilizing) role of the
gradient drift term on type 1 waves was pointed out first by
Correspondence taC. Haldoupis Farley and Fejer (1975), and since then it has been taken as
(chald@physics.uoc.gr) valid and applied extensively in numerous studies. A typical
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example that comes to mind relates to interpretations proapproach, the effects of the modified two stream and gra-
posed for the so-called type 3 and type 4 VHF auroral echoeslient drift (FB-GD) instability mechanisms are mathemati-
which exhibit type 1-like narrow Doppler spectra but peak- cally combined in the same dispersion relation, which derives
ing at velocities well below and well above the ion-acoustic from the electron and ion equations of motion and continuity.
speed, respectively (e.g. see a review by Moorcroft, 2002). For plasma waves propagating perpendicular to the magnetic

Despite its wide acceptance and use, it is interesting tdield, the solution of the dispersion equation takes the famil-
note that the destabilizing or stabilizing effect of the gradientiar form for the plasma wave frequenayand growth rate
drift term on type 1 waves was never really proven by experi-y:
ment explicitly, and the existing hints in favor are speculative
and inconclusive. The main difficulty for resolving the valid- » =
ity of the gradient drift effects is the lack of knowledge on
the driving plasma density gradients, and the considerable
\éa_;itabilit%/_il;] :{[_he medium Whicr::J (:(bscures E_)t(_)ssible ghradietr;]t " [((k-vd>2 0 2k Vg

rift contributions on measured key quantities, such as the/>

Doppler velocity of type 1 echoes. i [\ vk (L) 1 (H4y)

Based on existing experimental knowledge, we believe,

hat the role of pl densi di 1 where the symbols have their usual meaniag the plasma
that the role of plasma density gradients on type 1 wave 9engyave vectory, ; and<2,; are the electron and ion collision

eration remains an open ques.tion. The present paper _mgk%%d gyrofrequencies)=v,vi/ 2., C; is the ion acoustic
an effo_rt to address this question by testing a key prefd'f:t'onspeedNe is the mean electron density ands the recombi-
of the linear t_heory, namely_that a destablhz_mg (s_tgb|l|z|ng) nation coefficient. Furthermor#&/q is the relative electron-
plasma gradient reduces (increases) the !nstab|l|ty thres on drift velocity which is taken approximately equal to the
old, and thus the type 1 wave phase velocities at threshol lectron Hall driftV,=E x B/ B2, and(Ly) 1 =N./(VN,)
more a.t longer than at shorter Wavelengths. To |nvest!gatqs the electron density gradient length perpendiculaBto
this point we rely here on the observations of Haldoupis et nd parallel toE, taken as positive ifVN,)-E>0. Note
. . ’ e .

a_I. (2002), obtained from a rare backscatter experiment ot -+ ihe relations above are valid far-w>>y, and that the
simultaneous type 1 echoes at two widely spaced VHF fre'stabilizing recombination termo2V, is negligible for short-

quencies, 144 MHZ and 50MHz. The measurements Wer&cale plasma waves which are of interest to E-region radio
made from the island of Crete and refer to backscatter fronbackscatter studies

the mid-latitude E-region during conditions of destabilized As inferred from Eq. (2), an ambient electric figidand an
sporadicE (Ey) plasma, when steep plasma density grad"electron density gradie N, provide the energy for desta-

ents are believed to be present. These observations led Wiization. whereas ion diffusion represented BC2 in
obtaining statistical estimates of the 1.1-m to 3.1-m phase Ve'Eq. @), i,s responsible for stabili,zation. In the abéence of

locity ratio for type 1 waves, which are compared here with a plasma gradient, the gradient drift term in Eq. (2) vanishes

thde predictipns O.f the Ifcijnleti'c ZB'GD inlstabri]lity theorhy. Arr: and the process reduces to the modified two stream (FB) in-
advantage in using mid-latitude type 1 echoes Is that t Xstability. This mechanism favors direct generation of short-
occur with electric fields, close to the instability threshold, scale (type 1) waves, since

when linear theory is sensible. To substantiate the postula-

tion that strong plasma gradients are present during condiy k2[(Vd cos@)z — Cf(l + 1/,)2],

tions of type 1 irregularities, typical plasma gradient lengths L

are estimated from electron densities measured in situ withwhere 6=arccogk-V,;). The last expression also shows

rockets. Also, in order to test further the validity of our find- that positive growth needs sizable electric fields in order for

ings, we search for sub-ion acoustic velocity type 1 irregular-V. cosd to exceed a threshold slightly abog at optimal

ities in the Doppler spectra of meteor trail backscatter whennstability altitudes near 105 km. If electric fields are small,

steep plasma densities are certainly present. Finally, the sighen in the presence of a plasma gradi€nv,), the GD

nificance of our findings is evaluated in the frame of existing term dominates, which leads to the excitation of large wave-

results from past radar studies. length waves because the negative (stabilizing) ion diffusion

Next, and before presenting the experimental results, wéerm is proportional ta?. It turns out that the GD mecha-

start with a brief reference on the basics of the linear insta-nism generates easily large-scale waves in the E-region with

bility theory and its predictions. wavelengths of tens to hundreds of meters (e.g. see Fejer et
al., 1984). These waves cannot be detected by the radars, but
apparently feed their energy to short wavelength secondary

2 Linear theory predictions waves (type 2) through a nonlinear cascade mechanism, as
formulated by Sudan’s (1983) theory of E-region plasma tur-

The linearized instability theory of the ionospheric E-region bulence.

plasma has been presented, discussed, and applied in numer-lt is important to stress that the fluid model is valid for

ous papers (e.g. see the textbook of Kelley, 1989, and thevavelengths well above the ion mean free pathV;; /v; or

review papers mentioned in the Introduction). In the fluid the ion Larmor radius;=V;; / 2;, whereV,; is the mean ion
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Mid-Latitude E-reglon HF-Backscatter at 144 and 50 MHz

E-reglton Linear Instability Theory at threshold
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Fig. 1. Fluid and kinetic theory predictions of the phase velocity ratio at threshold of 1.10 m to 3.15m FB-GD plasma waves, or 144- to 50-
MHz backscatter velocity ratio of type 1 irregularities. The computations were for mid-latitude sparatisma at the optimal instability
altitude of 105km. As seen, kinetic effects are quite significant. Also, the gradient-drift term prevails for plasma density gradient lengths
less than a few km.

thermal velocity. This means that at E-region heights thea magnetic field B=4.810"° T corresponding to the mid-
fluid theory is accurate for wavelengths larger than severalatitude location of the Crete radar experiment, and a mean
meters. At shorter wavelengths the plasma ceases to behai@nic massn; =43 AMU as representative of the sporadic

as fluid because microphysical properties come into effectmetallic ion population. Inspection of Fig. 1 suggests that
e.g. electrons become less isothermal and more adiabatithe kinetic effects are important for the purpose of our study,
which can be accounted for only by kinetic theory. Kinetic thus the radar observations must be compared to the kinetic
effects become significant for short-scale type 1 waves sincand not the fluid model. Also, Fig. 1 shows that gradient
theory predicts arise in the instability threshold with decreas-drift contributions become significant if destabilizing gradi-
ing wavelength, for instance, Farley’s (1963) kinetic the- ent lengthgLy)  are less than a few kilometers.

ory predicted an instability threshold about 10% higher for  Finally, a few words on magnetic aspect angle effects. The
1-m than for 3-m plasma waves. The kinetic theory of Far-magnetic aspect angleenters into the equations through the
ley (1963) has been generalized later by Schmidt and Garyy term, that is,yr=(v,v;/ 2.2 (1+Q2sir? ¢ /v2), which
(1973) to also include a destabilizing density gradient, andpbecomes rather large even for small anglesvay from per-

was developed further for the investigation of type 1 wave pendicularity. At the instability threshold, however, it turns
properties in the equatorial and auroral electrojets (e.g. segut that the phase velocities of the plasma waves computed
Ossacow et al., 1975; Schlegel and St.-Maurice, 1983).  from Eq. (2) are not dependent on aspect angle (see also Far-
ley and Fejer, 1975). On the other hand, a small aspect angle,
say 0.5to 1.0 degrees, can increase considerably the electron-
ion drift velocity required for plasma destabilization.

As stated in the Introduction, this work aims in test-
ing the gradient drift instability theory predictions by us-
ing the irregularity velocity ratio of 1.10-m (144 MHz) to
3.15-m (50 MHz) type 1 echoes measured in the Crete dual
frequency radar experiment. In order to assess the differ-
ences between the linear fluid and kinetic theory results3 Evidence for steep plasma gradients in sporadi&
for 1.10-m and 3.15-m waves we provide in Fig. 1 their
phase velocity ratio at threshold as a function of the destaNumerous studies indicate the presence of steep plasma den-
bilizing gradient length. The fluid theory calculations were sity gradients, both vertical and horizontal, during unstable
based on Eq. (2), whereas the kinetic theory ones were obsporadicE plasma conditions. These gradients can have
tained numerically from the dispersion relation via the iter- significant components perpendicular to the magnetic field
ative computational procedure of Schlegel and St.-Mauricewhich, in accord with the theory just outlined, can act to
(1983). The calculations were carried out for the optimal al-destabilize the plasma at short wavelengths. Since here we
titude of 105 km using typical E-region plasma parameters,deal with sporadic E-layer backscatter, we examine next if
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such sharp gradients are indeed possible during mid-latitudgradients, were presented in earlier years by Miller and Smith
sporadicE instabilities. (1975, 1978).

High resolution ionosonde studies, coherent and incoher- |n addition, low elevation, quasi-periodic scintillation
ent scatter radar observations using also radio interferometqQPS) events, which have been linked with sporasic
and imaging techniques, sounding rocket measurements, gsiasma blobs and mid-latitude QP echoes, also favor the
well as scintillation studies, all suggest that nighttifigis presence of steep gradients inside sporddicQPS events
highly structured in plasma density. This is especially trueare mostly seen at low elevations during summer nighttime
during times when the plasma instability mechanisms are acwhen E, plasma becomes usually unstable (e.g. see Tsunoda
tive, for the additional reason that plasma structuring, andet al., 2004 for a discussion and references). Finally, electron
thus inhomogeneities in conductivity, are necessary for podensity profiles measured in situ with rockets during sporadic
larization electric fields to set up insidg; patches which E occurrences indicate steep vertical plasma gradients with
drive the plasma to become unstable to short-scale plasma igharacteristic gradient lengths less than 2km and as low as
regularities (e.g. see Tsunoda et al., 2004). Next, we briefly100 m (e.g. see Smith and Mechtly, 1972).

refer to some of these studies. ] _ Despite all this evidence in favor of steep plasma gradients
Simultaneous and common volume ionosonde and midyngide £, there exists no study on quantifying these gradi-

latitude 50-MHz backscatter observations by Hussey efgnts wheng, plasma is destabilized. We attempt this in the
al. (1998) showed that coherent VHF echoes always occur following section.

connection with “spread:;”, caused by oblique reflections

from a patchy and corrugated layer. Ogawa et al. (2002),

used MU (Middle and Upper atmosphere) coherent radar ) )

and ionosonde observations from the same volume, to shoft Es Plasma gradient scale lenghts measured with
that quasi-periodic (QP) echoes associate with large differ- ~ Tockets

ences between sporadk critical and blanketing frequen-

cies, foEs— fbEs, which implied steep electron density Here we use electron density profiles measured with SEEK
gradients in regions of QP occurrence. Numerous coherenfSporadic E Experiment over Kyushu) | and Il rocket probes
backscatter observations, both at VHF and HF (e.g. see Hyto compute vertical density gradient lengtfsy). in unsta-

sell and Burcham, 2000, and many references therein), obdle Es plasma. Then the gradient components perpendicular
served nearly always sharply defined echoing structures iio B, which are potentially GD-destabilizing, are computed
RTI (range-time-intensity) displays which can be interpretedfrom (Ly) 1 =(Ly);/codI), wherel is the magnetic dip
only in terms of a highly inhomogeneous plasma. Bour- angle. SEEK | (Fukao et al., 1998) involved two separate
dillon et al. (1995) performed large azimuthal scanstgf ~ rocket flights launched in late August 1996, while SEEK II
backscatter with good angular resolution to show that the(Yamamoto et al., 2005) also included two rockets launched
medium is dominated by dynamic plasma patches with scale#) early August 2002. All four SEEK rockets were flown
ranging from a few kilometers to several tens of kilometers.through the E-region at times when ground-based VHF co-
More revealing of strong plasma structuring inside unstableherent radars observed strong QP backscatter from sporadic
E, are interferometer and imaging studies which detected un£ layers located between 100 and 110 km at abotitiég-
stable anisotropic patches, which led to the notion of drifting netic dip angles (e.g. see Yamamoto et al., 1998). The mea-
“plasma clouds” with scales from less than a kilometer tosuredN, profiles during ascent and descent are thus repre-

several kilometers (e.g. see Hysell et al., 2002; 2004 and refsentative ofE; plasma instability conditions. Furthermore,
erences therein). during all those flights Lungmuir probes detected elevated

The most compelling evidence, however, on the strongly€lectric fields, which in some cases were sufficient to excite
inhomogeneous nature of unstable sporaglicomes from directly the modified two stream plasma instability (e.g. see
joint coherent and incoherent scatter radar (ISR) studies aPfaff et al., 1998). For details on the SEEK electron den-
Arecibo. Swartz et al. (2002) presented a dramatic event irsity measurements used here, see Yamamoto et al. (1998) for
which the ISR detected a sporadic layer that was extremelSEEK | and Wakabayashi et al. (2005) for SEEK II.
structured in plasma density, both vertically and horizon- To compute(Ly), we use the method of Haldoupis et
tally, while it was accompanied by strong 50-MHz coherental. (2000) that was applied for the same purpose on EISCAT
backscatter of both type 2 and type 1 echoes. Another reelectron density profiles. This method is illustrated in Fig. 2
markable example has been studied more recently by Hyseflor a SEEK electron density profile between 95 and 115 km.
et al. (2004) using common volume coherent and incoherenThe solid line represents the ascend profile measured with an
scatter radar observations in Puerto Rico. The ISR observedltitude resolutionAz>~400 m with rocket S31 launched at
a long-lasting dense layer between 100 and 110 km whict23:34 LT on 3 August 2002. Seen there are two strong lay-
shortly after sunset broke up into patches or clouds of densers peaking at about 102.7 km and 104.6 km and having peak
plasma with sharp boundaries and became unstable to typeéectron densities 7:010* and 9.4<10% cm~3, respectively.
and also at times to type 1 irregularities. More examples ofThe vertical density gradiemtv, /dz is positive pointing up-
highly structured electron densities insidg with corner-  ward when the peak electron density increases with height,
like edges and thus very steep horizontal electron densityand negative in the opposite case, pointing downward.
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Vertical Electron Density Gradient Length, km
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Fig. 2. Typical SEEK rocket sporadif electron density profile (solid line) and computed vertical plasma density scales (dots) expressed in
kilometers. Positive (negative) gradient lengths means density gradients pointing upward (downward).

The vertical gradient scale lengtiL ), was computed below 1.0km. According to theory’s predictions in Fig. 1,

from: these gradients are sufficiently steep in order for the effects
(L) N, ( )[(Ne)i+1 + (N)il/2 @) of the GD term in Eq. (2) on 1-m and 3-m type 1 waves to be
= = @i+1— 2 ,
Nz = (VN,). +1 (No)is1 — (No); clearly observable.

and assigned to the altitude+%. In this way, the mea-
sured(Ly), are expressed in km and plotted in Fig. 2 as5 144-MHz to 50-MHz type 1 velocity ratios
solid dots. As seer{L ), are positive af; bottomsides and
negative at topsides, taking values which close to the dens&he best way to test the gradient drift role on short-scale
layers range betweehl.5km. This procedure was applied type 1 irregularities is to perform a statistical study on spo-
for the entire data set comprised of a total of eight ascendingadic E type 1 echoes observed simultaneously at two (or
and descending electron density profiles, all superimposedhore) radar frequencies. Then, and under the postulation that
in Fig. 3. Since we are interested here in strangonly, the existing steep plasma gradientsAp act to reduce the
we plot in Fig. 3 only(L y); if electron densities are larger Farley-Buneman instability threshold, the measured type 1
than 8<10°cm=3. As seen, thef,-related vertical gradient velocity ratios should be compared to the theoretical predic-
lengths are equally positive and negative, and the vast majortions.
ity clusters betweer:-1.5 km. A rare dual frequency radar experiment was set up in
Figure 4 presents statistical results which include the oc-Crete, Greece during a two-month campaign in the summer
currence distributions of: a) the vertical gradient length mag-of 1996, in order to measure sporadicplasma backscat-
nitudes|(Ly).| (top-left), b) the perpendicular to the mag- ter. It included the permanent 50-MHz SESCAT (Sporadic
netic field gradient lengthg§L ), =|(Ly).|/coqI) (top- E SCATter) radar, e.g. see Haldoupis and Schlegel (1993),
right), c) the E; altitudes (bottom-left), and d) the cor- and a similar 144 MHz system for simultaneous measure-
responding mean electron densities (bottom-right). Alsoments. The latter had its antennas scaled exactly to the
shown in each panel of Fig. 4 are the weighted means an&0-MHz arrays, in order for both systems to observe the
standard deviations of the histograms. Regarding the persame scattering volume in the E-region, centered at about
pendicular gradient lengttl. ) 1 , which is of interest to the  30.8 geomagnetic latitudeZ(=1.35), 52.8 magnetic dip,
present study because it can play a destabilizing role for theslightly to the east of the Aegean island of Milos at about
direct generation of short-scale waves by the GD instabil-36.7 N and 24.5 E geographic. More experimental details
ity, the vast majority £80%) of the estimates take up values and an overview of the observations are given by Koehler et
less than about 1.5 km, while the overall mean is somewhaal. (1997).
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Vertical Electron Density Gradient Length, km
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Fig. 3. Same as in Fig. 2, but now all eight, ascent and descent, SEEK | and Il electron density profiles are superimposed. The dots denote
the computed vertical plasma density scales in km, shown only at the sporadic E-layer heights. The SEEK rockets were flown at times when
the E layers were unstable to GD and FB plasma irregularities.
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Fig. 4. SEEK | and Il plasma density gradient statistics during sporadic E-layer instabilities (upper panels). The lower panels show the
distributions of the sporadic E-layer altitude and electron density. Here of interest is the prevailing plasma density gradients perpendicular to
the magnetic field (top-right histogram) because, according to the theory, they can act to destabilize or stabilize the plasma to Farley-Bunemar
waves.
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Midlatitude 144 MHz / 50 MHz Type 1 Echoes

%) T T AN TN TN N AN N TN SN N N S | TN A NN N N AN TN A N I A S

NS 1 !

E L 1.0 4 i . N = 204 —

= 400 - L i Mean : 1.09 |

G 1 L o i StDv : 0.06

Ke) © 0.8 | r

O} 7 r 5 1

> 4 L < i L

5 1 - 306 : =

= 300 b o | i I

— 8 . r ) '

o 1 X F 204 3 -

> . - 1 ! F

= i % slope = 111 | gqé !

Toood . R 0.2 -

> 1 e negative |

< 1 o: positive | | I

ﬁ S T T T T [ T T T T [ T T 0.0 T+t T 1 T 71 T T t T T
200 300 400 08 09 10 11 12 13 14 15

50 MHz Type 1 Mean Velocity, m/s 144 MHz / 50 MHz Mean Velocity Ratio

Fig. 5. Observations of type 1 mean Doppler velocities made simultaneously at 144-MHz and 50 MHz from unstable, mid-latitude sporadic
E-layer plasmas. In the left panel, the 144 MHz velocities are plotted against those at 50 MHz for positively and negatively Doppler-shifted
type 1 echoes. As seen, there is a linear trend expressegilay1.11 Vso. The right panel shows the normalized occurrence distribution of

the mean velocity ratios of 144-MHz to 50-MHz type 1 echoes.

This experiment verified in the most dramatic way the dis- represent negatively Doppler shifted echoes (motions away)
tinctly different character of type 1 and type 2 irregulari- corresponding to a total of 22 min of type 1 echo occurrence,
ties. The 144-MHz type 2 echoes were totally absent durwhereas the open dots refer to positively shifted echoes for
ing weak to moderately strong 50-MHz signals and appearedn overall duration of 12min. As seen, the velocities of
only when the scatter at 50 MHz was very strong, exceed-1.10-m irregularities (144 MHz) are steadily above the diag-
ing 25 dB above noise. This suggested a steep wave humbemnal dashed line which represents the positions of equal 144-
spectrum for type 2 waves in the meter scale spectrum fronand 50-MHz mean velocity values. Also shown is a tendency
3-m to 1-m wavelengths. In sharp contrast to type 2, therefor the type 1 velocity difference at 144 MHz and 50 MHz to
was always a correspondence between 50- and 144-MHincrease for higher velocities, with the linear regression fit
type 1 echoes even when the signal at 50 MHz was onlysuggestingV,,)s50~1.11(V,,)144.

a few dB above noise. The sharp difference in the occur- The right panel in Fig. 5 shows the distribution of the
rence of the two irregularity types was indeed striking, as itmean velocity ratios of 144-MHzA£E1.10 m) to 50-MHz

has been shown and discussed in a series of two papers l{y=3.15m) type 1 echoes, or approximately the phase ve-
Koehler et al. (1997, 1999). In fact, the clear identification locity ratio of type 1 plasma waves near threshold. As seen,
of type 1 echoes at 144 MHz helped to spot a large number ofhe great majority of the observed type 1 velocity ratios are
weak type 1 echoes which otherwise would have been missebdetween 1.05 and 1.15 with an overall average 1.09, that is,
or misinterpreted in the 50-MHz backscatter alone by beingthe type 1 velocities at 144 MHz are, on average, 9% higher
imperceptible in the Doppler spectrum of the much strongerthan those observed at 50 MHz. Remarkably, the same result
type 2 echoes seen concurrently. was also obtained by Balsley and Farley (1971), who ran a

A detailed analysis of the observed type 1 echo propertiesimilar dual frequency experiment at 146 MHz and 50 MHz
at 144- and 50-MHz observations was carried out by Hal-I" the equatorial electrojet 25 years earlier.
doupis et al. (2002). During the two months of observations,
more than 20 events of type 1 echoes were identified, with6
lifetimes ranging between 30 s to a few minutes, and then

their mean and peak Doppler velocities were estimated caréy, e stydy, Haldoupis et al. (2002) used a linear kinetic

fully from 10-second power spectra. In nearly all cases, they e of the Farley-Buneman instability to show that the
144-MHz mean Doppler velocities were higher than thoseq,qr4) 994 difference in the type 1 velocities at 144- and

seen simultaneously at 50 MHz. Statistically, the measuredq \vHz could be explained only by kinetic effects. The
144—MHz_to 50—MH_z mean velocity ratios received values ¢4 conclusion was also reached by Balsley and Farley
above unity, mostly in the range from 1.06 to 1.14. (1971) who used the predictions of Farley’s (1963) kinetic
The left panel in Fig. 5 shows all 144- and 50-MHz type 1 theory. Here we use a linear kinetic model which also in-
velocity estimates plotted against each other. The solid dotgludes a destabilizing plasma density gradient, in order for

Comparison with theory
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Fig. 6. The SESCAT dual frequency backscatter observations of 144- to 50-MHz type 1 velocity ratios are compared to the kinetic theory
predictions for mid-latitude sporadiE plasma. Also shown in the lower left corner is the distribution of destabilizing gradient lengths
measured by the SEEK rockets during sporddiglasma instabilities. The composite estimate, shown to the left, is based on the distribution
mean values under the assumption that the measured mean gradient lengths are representative of type 1 echo conditions. This comparis
shows that the 1.10-m to 3.15-m type 1 velocity ratio is not affected, on average, by gradient drift instability effects.

the theoretical results to be compared with the experimentadirift effect on the velocity ratioVy 1.,/ Va1, becomes im-
estimates. The objective is to assess if there is any significarportant for gradient length€L y) <4—5km, whereas it is
destabilizing gradient drift contribution on type 1 waves. In insignificant for(L ), > to 10 km.

this comparison we also consider the distribution of gradient

; . The measured velocity ratio of 144-MHz (1.10m) to
length estimates obtained from all SEEK rocket electron den-5 -MHz (3.15m) type 1 echoes is compared to the theo-

sity profiles, and assume to be, on average, representative Ptical predictions with its occurrence distribution, which is

destabilizing plasma conditions . In addition, we adopt plotted in the right-hand side of Fig. 6. As seen, the vast

the widely used assumption that type 1 phase velocities re- . . o .
main close to the instability threshold, which at mid-latitude majority (more than 80%) of the observaas/ Vo ratios

is very likely to happen because the driving electric fields arecorresponds taLy).>10 to 20km for which there is no

| ted t f d the instability threshold theoretical gradient drift effect. On the other hand, there
rarely expected to greatly exceed the Instabiiity threshold.  are only about 10% of the observed values which correspond

rgo (Ly).1<3-5km for which the ratioVy 1m/ Va1 m is ex-

; - . pected to be affected by the gradient drift term, in accord
Fig. 6. The dotted curves are the kinetic theory numeri with the FB-GD linear instability theory. It is important

cal results for the 1.10-m (144 MHz) to 3.15-m (50 MHz) io sir that for the overall mean irreaularity velocity r
phase velocity ratio at threshold as a function of destabiliz- 2 S€ss that for the overall mean irreguiarity velocily ra

ing plasma gradient length, obtained from the kinetic modeltlo of 1.09, the theoretical p_redictions suggest that this mean
used by Schlegel and St.-Maurice (1983). The lower curvevalue corresponds to gradient-free Farley-Buneman waves,
corresponds to 100km, whereas the upper one correspon s concluded by Balsley and Farley (1971) and Haldoupis et
to 105 km height, showing therefore the expected variation&" (2002).
in the altitude range where the instability is expected to occur The above findings are reinforced more if we take into ac-
and where, as shown by the SEEK data in Fig. 4, the sporadicount the gradient length distribution observed from SEEK
E layers are mostly located. The theoretical curves wererocket data, and assume that this is realistic during type 1
computed for a magnetic field B=4a0°>T correspond-  echo conditions inEs. The observedLy) distribution is

ing to SESCAT's viewing location, and a mean ionic massplotted in the lower left corner of Fig. 6, having a mean of
M;=43 AMU which is taken as representative of sporalic 0.99 km and a standard deviation of 0.76 km. As seen, the
metallic ions. Note that, although the choiceMf has a seri-  vast majority of the observed. ) are below about 2 km,
ous effect orCy and thus on the individual phase velocities of and, as shown in Fig. 6, these values are associated with
1.10-m and 3.15-m waves, it does not greatly affect the phasé’1.1,,/ V3.1, phase velocity ratios greater than 1.20, which
velocity ratio. The curves in Fig. 6 show that the gradient are not measured by the dual frequency radar experiment.

The theoretical and experimental results are compared i
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Fig. 7. A typical 50-MHz Doppler spectrogram of meteor-induced backscatter (MIB). It is characterized by an abrupt onset, and large
intensities, velocities and spectrum broadening at onset. These echoes, which have lifetimes from several seconds to a few minutes, hav
Doppler spectra similar to those of type 2 irregularities. Although during MIB there must be very steep plasma gradients present, there is no

evidence that these reduce the threshold for excitation of FB (type 1) irregularities, as predicted by theory.

Finally, if we combine the mean values and standard deviawe provide first some background information on coherent
tions of the observed y)1 andVia4/ Vso Occurrence distri-  backscatter echoes from meteor trails.

butions, then the composite gstlmate IS seen in Fig. 6 to be In addition to the specular reflections from underdense
located well bglow the theoretical predictions. i and overdense meteors, which usually last less than a sec-
~ The comparisons above show that the overwhelming mag g there is also a distinct category of long-enduring me-
jority of the dual frequency type 1 radar observations, backedeqr gchoes, having lifetimes from several seconds to a few
also by independent estimates of destabilizing plasma gradig,inutes. Although these were known for a long time, their
ent lengths, suggest no significant gradient drift effects on i”‘ldentity became clear only within the last few years through
stability threshold reduction, as predicted by the linear insta-yy5ervations made with VHF coherent backscatter radars at
bility theory. Although our analysis cannot be entirely con- miqqie and equatorial latitudes by Haldoupis and Schlegel
clusive, because there is no direct knowledge of the plasm 1993), Chapin and Kudeki, (1994a, 1994b), Reddi and
gradients during the dual frequency radar observations o air, (1998), and Zhou et al. (2001), whereas an earlier

type 1 echoes, the present results provide evidence in favgfgnort suggesting the same interpretation was published by
of pure Farley-Buneman waves without any GD term contri- yeritage et al. (1962). These meteor echoes are actually

butions. due to magnetic aspect sensitive coherent backscatter from
field-aligned irregularities (FAI) induced occasionally by in-
stabilities in dense meteor trails deposited in the lower E-
region. These non-specular meteor returns are character-
ized by range spreading and Doppler spectrum broadening
To test further if there is a GD role on type 1 wave generationat onset, which then decays gradually with time. The life-
we consider backscatter observations which have occurretimes of MIB are not defined by ambipolar diffusion but
under conditions of steep plasma gradients. This refers tdoy the strength of the instability drivers, ion recombination,
long-lasting meteor induced backscatter (MIB) events ob-and possibly the trail geometry relative to the magnetic field
served occasionally at 50 MHz. Before looking at these data(e.g. see Heritage et al., 1962). MIB, or hon-specular meteor

7 More evidence against gradient drift effects
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Fig. 8. Two more examples of long-lasting MIB Doppler spectrograms, but no evidence that the steep plasma gradients, which are expected

to be present in MIB, lower the threshold for the FB instability.

echoes, were dealt theoretically and through numerical simuebservations of Chapin and Kudeki (1994a) and Zhou et
lations by Oppenheim et al. 2000, 2003), who suggested thaal. (2001). Since its Doppler spectra are measured with
large polarization fields across the trail set up and combinegood time and frequency resolution, SESCAT identified the
with steep density gradients to initiate FB and GD instabili- MIB spectra as being the same as those of reghaype 2

ties which lead to FAI and plasma turbulence. echoes, that s, the spectra are broad and centered at small ve-

Here we use MIB events detected by SESCAT at 50 MHzlocities, although often they are strongly skewed towards one
as a means of testing if there is a gradient drift effect onDoppler polarity, also in line with the equatorial MIB obser-
the direct generation of short-scale (type 1) irregularities invations of Chapin and Kudeki (1994a). The MIB Doppler
the trail plasma. In this way, we assume that the instabil-spectra suggest that the same mechanism behind regular
ity theory is valid, which requires that plasma wavelengthstype 2 echoes is likely to also be responsible for the meteor
A< (Ly) 1, which means that for meter wavelengths the ra-trail plasma destabilization.
dial trail dimensions must be several tens of meters. Since The Doppler spectrograms in Fig. 7 belong to a typical
we deal here with long-lasting meteors and echoes spread iMIB event that lasted nearly 3 min. The pronounced spec-
range, this condition is likely to be met after many seconds.trum broadening and skewness near onset is attributed to a
According to Pellinen-Wannberg and Wannberg (1996), apolarization electric field that sets in instantly, as suggested
meteor trail can reach a radial size of tens of meters afteby theory and inferred by the jump in mean Doppler velocity
several seconds, and hundreds of meters after a few tens sken in the upper panel of Fig. 7. Apparently, the polarization
seconds, in the lower E-region, and thus is capable of susfields and the steep electron density gradients are the drivers
taining a population of short wavelength ion plasma waves.behind the plasma turbulence that causes the spectral broad-
Although with the expansion of the trail its plasma density ening which then decays exponentially with time as the free
decreases, it still remains orders of magnitude larger than itenergy for instability diminishes. An example of two subse-
background electron density, because recombination is relaguent MIB events, each lasting for about 2.5 min, are shown
tively slow at about 100 km for the times scales under con-in Fig. 8. As seen again, they are characterized by type 2-like
sideration. In turn, this implies the presence of steep plasmapectra, similar to those of regulél echoes, caused by a
gradients in the expanding trail plasma, which, in combina-process of short-scale plasma turbulence. Inspection of the
tion with ambient and bipolar polarization fields, could lead spectra shows no evidence of narrow spectral components at
to strong plasma destabilization. This is actually what hasfixed instability thresholds which could identify with type 1
been assumed by Chapin and Kudeki (1994a, b) and Opperechoes. This argues against a gradient drift role in lowering
heim et al. (2000), to be taking place during MIB in the mag- the threshold required for excitation of type 1 irregularities,
netic equator. as predicted by the linear FB-GD instability.

During several summers of operation, SESCAT has de- Are there any type 1 echoes observed in MIB? From the
tected many hundreds of long-lasting MIBs with lifetimes hundreds of MIB events inspected, we found only very few
ranging from about 30s to a few minutes. These are becaseswhere atype 1 echo was also presentin the spectrogram
lieved to originate at about 95 to 105 km, according to thehaving a very weak spectral component centered at Doppler
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Fig. 9. A daytime, long-lasting, MIB event observed simultaneously at 50 MHz and 144 MHz. Note that type 2-like echoes are seen only
at 50 MHz, that is, at 3-m but not 1-m plasma irregularity scales. On the other hand, the 144-MHz radar observes right after onset and for
~35s a weak and narrow type 1 spectral component near +360 m/s which corresponds to pure Farley-Buneman waves. The time axis is ir
decimalized hours UT (LT=UT+1.6 h), and the narrow lines are either due to antenna sidelobe airplane reflections or interference.

velocities above 300m/s. Such a rare example was showiThe independent 144-MHz receiver observed only a strong
in the first SESCAT publication by Haldoupis and Schelegelspecular component at the event's onset during the 5-s inte-
(1993), e.g. see their Plate 2 and Fig. 9. This rarity of MIB gration time of the experiment, and then missed entirely all
type 1 echoes means that the enhanced electric field therde type 2-like echoes seen at 50 MHz for about 5 min. This
seldom exceeds the two stream instability threshold of aboutneans that the meteor trail plasma turbulence seen at 3.1 m
15mV/m. In addition, and with respect to the topic of the (50 MHz) is totally absent at 1.1-m wavelength, or 144-MHz
present study, this also means that the steep plasma gradiertiackscatter.
that must exist in the meteor plasma trails have no effect in
lowering the threshold for 3-m type 1 wave excitation.
Interestingly, however, there is at 144 MHz a narrow spec-

In order to reinforce the last point, and also to document artral component at +360 m/s, or +330 Hz Doppler shift, which
exceptional observation, we present in Fig. 9 a long-lastingwas initiated by the meteor and lived for about 35s. This
MIB event that was observed simultaneously at 50 MHz very narrow peak is remarkably close to the daytime E-region
(upper panel) and 144 MHz (lower panel). This MIB oc- plasmaion-acoustic speed at about 105 km, where conditions
curred during daylight and lasted for 5min at 50 MHz. As for the FB instability are optimal, and thus it classifies as a
seen in the 50-MHz (upper) panel, many seconds after onsdype 1 echo at 144 MHz, produced somewhere in the me-
the echoes intensified enormously, reaching 65dB at abouteor trail where the electric field exceeded the FB instabil-
+40 m/s, which apparently led to signal distortion and gen-ity threshold. Note that its corresponding 50-MHz counter-
eration of harmonics in the spectrum, which seem to havepart may also be present but is not discernible, because most
intensified at~4+100 Hz =310 m/s) about the strong central likely it is obscured by the 100-Hz harmonic seen symmetri-
peak (at~+40m/s), that is, the first harmonic of the power cally about the strong spectral peak in the upper panel. The
line frequency of 50 Hz. After about 30 s there is a narrower144 MHz type 1 echo neafy, which must have occurred
and slowly decaying spectral component lasting for aboutin the presence of very steep plasma gradients in the meteor
4.5 min. On the other hand, the situation at 144 MHz, showntrail, suggests that there is no theoretical GD effect on low-
in the lower panel, contrasts strongly with that at 50 MHz. ering the threshold for excitation of Farley-Buneman waves.
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8 Results from past studies that these differences could have been accounted for only by
kinetic effects in the FB instability.
There are very few experimental indications in favor ofa GD  Let us move now to the other end: Are there any pub-
role on the direct excitation of short-scale type 1 waves. Fardished results which argue against a GD role on type 1 short-
ley and Fejer (1975) offered as indirect evidence the type Iscale waves? The answer is yes, there exist results which
spectrum broadening observed in the nighttime equatoriaindeed cast serious doubts on the GD role. The most spe-
electrojet, by attributing it to variable threshold conditions cific example is the equatorial multifrequency study of Bal-
because of existing plasma density gradients, both stabilizingley and Farley (1971), just mentioned. Also, numerous
and destabilizing. This reasoning is interesting but the specstudies have established the terms “ion acoustic echoes” and
tral variability and broadening can be attributed to a number‘Farley-Buneman waves” as equivalent to the “type 1 irreg-
of reasons that reflect simply the highly inhomogeneous andilarities”, which signifies a common practice gained through
dynamic nature of the unstable plasma. These may includenany years of research that basically argues against GD con-
turbulence conditions that reduce the lifetime of the irregular-tributions in type 1 echo generation.
ities, and complicating bulk motions relating to larger scale Type 1 echoes have been detected over a large range of
plasma waves, neutral winds and tidal wind shears or gravradar frequencies, which, for the auroral studies, extends
ity wave motions. In addition, one may expect variations in from 10 to 1300 MHz, e.g. see review by Moorcroft (2002),
C, due to antenna beam altitude integration effects, possiblgo have always a clear Doppler velocity threshold n€ar
spatial variations in electron temperature and/or in the meara fact which by itself is taken as the strongest experimental
ionic mass caused, say, by inhomogeneous metallic ion popproof in favor of the FB instability. The persistence of type 1
ulations, and also changes in type 1 phase velocities causegklocities nealC; under a variety of conditions when strong
by finite magnetic aspect angle effects. In view of these com-electron density gradients are also expected to be present in
plexities, we believe that the variability in the Doppler spec- the plasma argues against the theoretical GD term effects on
tra alone cannot be used as evidence in favor of the theoretiype 1 waves. Also, the success of the Nielsen and Schlegel
cal effects of plasma gradients on the short-scale type 1 phasg985) empirical law in predicting type 1 Doppler shifts in
velocities. the auroral region for pure Farley-Buneman waves, under

The only evidence in favor of a GD role on type 1 waves conditions when background gradients are strong most of the
was presented by Hanuise and Crochet (1981), who ran @me (e.g. see EISCAT gradient length statistics presented by
multi-frequency HF experiment in the equator and detectedHaldoupis et al. (2000), makes the gradient drift effects on
type 1 waves with wavelengths from 5m to 30 m, by usingtype 1 waves rather doubtful. According to recent auroral
radar frequencies from about 30 MHz to 5 MHz, respectively.radar experiments by Hysell (personal communication), the
They presented a limited data set showing increasingly loweiNielsen and Schlegel (1985) formula for pure type 1 waves
type 1 Doppler velocities as they moved from higher to lower s valid not only at 140 and 400 MHz, where the destabiliz-
radar frequencies; these were attributed to lower instabilitying/stabilizing gradient effects are anticipated by theory to be
thresholds by a destabilizing ambient plasma gradient withsmall, but also at 30 MHz. This, again, disputes the GD term
Ly=6km, in line with the FB-GD linear instability theory.  effects suggested by the linear instability theory.

There are, however, several questions concerning the in- Finally, the strongest support against a GD role comes
terpretation of Hanuise and Crochet (1981). Their multi- from many type 1 observations of HF radar aurora, that is, at
frequency measurements were not truly simultaneous sinc&equencies where the GD term effect on lowering the FB in-
radar frequencies were changed manually every few minutesstability threshold is expected to be most pronounced. There
and, more importantly, this study was based on few data, thuare several statistical HF radar Doppler studies in the aurora
it cannot be viewed as statistical. Also, if one looks at the (e.g. Hanuise et al., 1991; Milan et al., 1997; 2001; Lacroix
values of the measured type 1 velocities, e.g. see their Fig. Zand Moorcroft, 2001, among several others), showing that
these are all higher than 350 m/s for radar frequencies highetype 1 echoes have narrow Doppler spectra centeretj at
than about 7.5 MHz (20-m waves) reaching 450 m/s at aboutind thus these echoes have been interpreted as being due to
30 MHz (5-m waves), that is, they were not lower than the pure FB waves. For example, the statistical study of Hanuise
ion-acoustic speed threshold, expected to be near 360 m/&t al. (1991), which was based on a similar multifrequency
Another important point is that Hanuise and Crochet (1981)experiment as the one performed ten years earlier by Hanuise
did not consider kinetic effects in comparing their results and Crochet (1981) in the equator, showed that GD effects
with theory. Note that kinetic effects, which act to raise the on type 1 irregularities were not important. Also, a carefully
FB instability threshold abové€, can be significant even for conducted Super-DARN experiment by Lacroix and Moor-
wavelengths larger than 10 m (15-MHz radio frequencies),croft (2001), who made observations with the radar beam
as demonstrated in an earlier multifrequency experiment alsalirection pointing close to magnetic east along the flow di-
carried out in the equatorial electrojet by Balsley and Farleyrection, that is, along a direction that is most favorable for
(1971). These last authors made simultaneous measuremereffects from both vertical and horizontal plasma gradients on
at Jicamarca at 16, 50 and 146 MHz and found the plasmatype 1 waves, found no effect on the mean Doppler veloc-
wave velocities of type 1 irregularities to be approximately ity of type 1 echoes which had their velocities always close
proportional with ratios 0.9, 1.0 and 1.1, respectively, andto C,. The auroral ion acoustic echoes seen at HF have been
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reviewed critically by Moorcroft (2002), who concluded that: seen in MIB were due to pure FB waves, as evidenced
“observations of type 1 echoes at HF deny the expected ef- by their characteristic Doppler velocities near the ion-
fects of density gradients as predicted by the linear theory of  acoustic speed.

FB-GD instabilities”.
6) The findings of this study are in agreement with pub-

lished results, arguing against a gradient drift role on
9 Summary and implications type 1 echoes, as evidenced from several past studies,

_ ) ) ) ) mostly on HF radar aurora.
The aim of the present study was to investigate if there exists

a plasma density gradient (GD) effect on short-scale FarleyThe present study compiled strong experimental evidence,
Buneman (FB) plasma waves, in accord with the linear the-showing that the plasma density gradient term in the lin-
ory of E-region plasma instabilities. Since the theory pre-ear dispersion relation of the E-region GD-FB plasma in-
dicts that GD effects are more severe at longer than shortestabilities has no real effect on the direct excitation of me-
wavelengths, we tested the GD role by using simultaneouger scale plasma irregularities. This implies that the modi-
VHF backscatter observations of 1-m and 3-m type 1 wavedied two stream, or Farley-Bunenan, plasma instability is the
from destabilized sporadiE layers, when steep plasma den- only destabilizing mechanism responsible for the direct gen-
sity gradients are expected to be present. Estimates of theration of short-scale type 1 waves. Therefore, the present
plasma gradient scale lengths in sporaHiavere obtained study points to a serious discrepancy between the conven-
from electron density profiles measured in situ with rockets.tional GD-FB instability theory and the observations. The
Also, backscatter from meteor trail plasma were studied in arsame implication has also been made by Moorcroft (2002),
effort to identify type 1 waves generated at sub-ion acoustiddecause a similar discrepancy was observed in HF auroral
speeds by the action of steep destabilizing plasma gradientbackscatter where type 1 echoes occur with velocities near
The experimental results were compared with the predictionghe ion acoustic speed, despite the presence of destabilizing
of a linear kinetic model of the FB-GD instabilities. The plasma density gradients.
main results are summarized as follows: The important implications of the present study about the
_ ) N absence of a destabilizing GD role refers only to type 1 waves
1) Regarding meter scale type 1 plasma irregularities, theynq it does not question the role of plasma gradients on the
gradient drift term in the dispersion relation of the linear i qjirect generation of type 2 irregularities, since this role has
instability theory dominates over kinetic effects only for peen confirmed from equatorial radar backscatter and rocket
destabilizing gradient scale lengths less than a few kilo-g4,gies (e.g. see Fejer et al., 1975: Pfaff et al., 1985, 1987).
meters. Finally, we wish to emphasize again that the present
tudy presents strong experimental evidence showing that
gradients under conditions of sporadic E-layer plasma_he gradient drift instability, as mode_:lled by the vyell-known
instabilities. Using electron density profiles measured!near theory, does not lead to the direct generation of short-
in situ with rockets at times whefi, plasma becomes scale |rregular|t|es. !n qther \{\{ords, the ewdenc_e suggests
unstable to the GD and FB instabilities, destabilizing @t the gradient drift instability seem to be ineffective
plasma gradient scale lengths were estimated to be ledQ" Short-scale wave generation. The physical reason for

than about 2 km, having an overall mean near 1 km. the imposition of a lower wavelength limit for the GD in-
’ stability is not known and needs to be dealt with theoretically.

2) Many studies suggest a wealth of steep plasma densit

3) The overwhelming majority of the measured velocity
ratios of 144 MHz to 50 MHz type 1 irregularities, or
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