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Abstract. In this paper we describe the conversion 1 Introduction

of SESCAT (Sporadic-E SCATter experiment), a bistatic

50 MHz continuous wave (CW) Dopp|er radar located on Ionospheric radio interferometry was first introduced by
the island of Crete, Greece, to a single (east-west) baseling/oodman (1971) in equatorial electrojet studies, in order
interferometer. The first results show that SESCAT, whichto determine the magnetic field inclination over Jicamarca,
provides high quality Doppler spectra and excellent tempo_PerU. It was based on cross-correlation interferometry used
ral resolution, has its measurement capabilities enhanced sig? radio astronomy to determine the angular position and size
nificantly when operated as an interferometer, as it can als®f radio noise sources. lonospheric interferometry was fur-
study short-term dynamics of localized scattering regionsther developed by Farley et al. (1981) and applied to stud-
within mid-latitude sporadic E-layers. The interferometric i€s of equatorial electrojet and spread-F irregularities. They
observations reveal that the aspect sensitive area viewed Bhowed that for the simplest configuration of a single-line in-
the radar often contains a few zonally located backscatter reterferometer of two spaced antennas and two phase-coherent
gions, presumably blobs or patches of unstable metallic iorf€ceivers, the complex cross spectrum of the received signals
plasma, which drift across the radar field-of-view with the can be expressed as

neutral wind. On average, these active regions of backscatte :
have mean zonal scalegsJ ranging from afesv kilometers to sev‘-rAB(w) - EXp(_kZdZGfE/Z) - eXp(jkd (Po)).

eral tens of kilometers and drift with westward speeds frompere, & is the radar wave numbed, is the separation be-

~20 m/s to 100 m/s, and occasionally up to 150 m/s. Thetween the phasing centers of the antena@sd B, while o,
cross-spectral analysis shows that mid-latitude type 1 echoegnd (¢,,) are the angular spread and mean angular position
occur much more frequently than has been previously aspf the source, which is marked in a spectrum by its mean
sumed and they Originate in Single and rather localized areagoppler Sh|fta) Th|s expression was derived on the assump_
of elevated electric fields. On the other hand, typical burststion that the signals backscattered from a source result from
of type 2 echoes are often found to result from two adja-the superposition of wavelets originating from a random as-
cent regions in azimuth undergoing the same bulk motionsemply of source elements having their phasgsnormally
westwards but producing scatter of opposite Doppler polaristributed about a mean value. The source mean size and
|ty, a fact that contradicts the notion of iSOtI’OpiC turbulence angular position can be estimated by Computing the norma'_
to which type 2 echoes are attributed. Finally, quasi-periodicized cross-spectral amplitude, or coherency, and the cross-
(QP) echoes are observed simply to be due to sequentigpectral phase, respectively. Note that radar backscatter in-
unstable plasma patches or blobs which traverse across thgrferometry works well if the viewing volume is dominated
radar field-of-view, sometimes in a wave-like fashion. by a few localized regions of instability rather than when it is

filled with a large number of randomly distributed and chaot-
Key words. lonosphere (ionospheric irregularities; mid- ically moving scattering sources, that is, for conditions of
latitude ionosphere; plasma waves and instabilities) volume scattering.

Since its development, backscatter interferometry has be-
come a powerful tool for studying plasma turbulence and in-
stabilities in the E-region. First, this technique was applied
in studies of the equatorial electrojet by utilizing the capa-
Correspondence taC. Haldoupis bilities of the large Jicamarca radar array (e.g. Farley et al.,
(chald@physics.uoc.gr) 1981; Kudeki et al., 1982; Kudeki and Farley, 1989) and later
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Fig. 1. Observing geometry of the Sporadic-E SCATter experiment (SESCAT) and its locations along the northern coastline of Crete, Greece.
A single (east-west) baseline interferometer was set up by using a dual phase-coherent receiver and by dividing the SESCAT receiving array
of four Yagis into two sub-arrays, east and west, which formed a baseline of 16 m.

in studies of the auroral zone (e.g. Providakes et al., 1983regions located within sporadic-E layers.

Fejer et al., 1986; Haldoupis et al., 1988; lerkic et al., 1992). In the following, we first describe the SESCAT interfer-
At mid-latitude, where coherent backscatter of radio wavesometer and then present some observations and discuss their
comes from unstable sporadic E-layers, the technique wasnplications within the framework of our present physical
applied first by Riggin et al. (1986) using the Cornell Univer- understanding. Note that although the results to be shown
sity Portable Radar Interferometer (CUPRI). Recently, multi- typify our data base, they are by no means exhaustive. More
line interferometry and in-beam radar imaging techniquesresults and detailed interpretations will be given in subse-
have been used by Hysell and Chau (2002) for studying finequent publications.

structures inside large-scale plasma waves in the nighttime

equatorial electrojet, and by Hysell et al. (2002a) to investi-

gate the nature of quasi-periodic (QP) echoes at mid-latitude? SESCAT interferometry

which were first reported by Yamamoto et al. (1991). SESCAT is a CW Doppler radar designed for mid-latitude

The present paper describes the upgrade of SESCAT, thE-region backscatter studies. As shown in Fig. 1, the ex-
50 MHz CW Sporadic-E SCATter experiment located in the periment is located along the northern coastline of Crete,
island of Crete, into a single-line azimuthal interferometer near 353 N geographic latitude and 2& geographic longi-
and discusses some characteristic observations. This work iside and at-28°N geomagnetic latitude. The system oper-
a continuation of research carried out with SESCAT over theates at 50.52 MHz with the transmitter and receiver antennas
last decade which has led to a number of findings, the mosbeaming northward and intersecting over a region perpendic-
important being the detection at mid-latitude of the Farley- ular to the Earth’s magnetic field at E-region altitudes near
Buneman instability (e.g. see Schlegel and Haldoupis, 1994)>105 km. Both transmitting and receiving antenna arrays are
and the introduction of a new polarization mechanism foridentical, providing an overall 3-dB beamwidth df,&on-
its explanation (e.g. see Haldoupis et al., 1997). Note thasisting of four 11-element Yagis, each separated by 8 m. The
SESCAT is not a pulsed radar, but a continuous wave bistatiéntersection of the transmitting and receiving antenna array
Doppler system that observes a fixed scattering volume withpatterns, along with the severe magnetic aspect sensitivity re-
both excellent temporal and Doppler spectral resolution. Asquirements associated with coherent backscatter, define an E-
will be shown, SESCAT has its observing capacity consid-region observing area which has an azimuthal (zonal) extent
erably enhanced when operated as an interferometer. It besf ~25 km located over the central Aegean Sea near30-8
comes very useful for the study of microstructure and short-variant geomagnetic latitude (L-shell value = 1.35, magnetic
term dynamics in localized and strongly unstable scatteringdip I/ = 52.5°, magnetic declinatiod = 2.5°). As shown
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SESCAT INTERFEROMETRY ceiving array now becomes12°, from the 8 it was for the
4-Yagi array, which, in turn, increases the 3-dB zonal extent

1 | 1 | 1 | 1 | 1
60 | B of the scattering region te-40 km at a range of 185 km. It
7 ‘\‘ dOt, : R - 200 km N should be mentioned that the Yagis in the receiver array are
solid : R = 185 km | aligned at~15 south of east, that is, the observing direc-

50 4 A\ D
A\ dash @ R 170 km tion of the array is pointing~15° east of north; therefore,

the term azimuthal, or zonal, used throughout the paper is
approximate.

The interferometer baseling is the key parameter that
defines the interferometer lolkfy; and thus, the sensitiv-
ity of the experiment.¢;; is defined as the angular extent
for which there is a continuoust2phase difference change
between the signals reaching the two antennas as the target
(scattering source) traverses across the antenna beam pattern.
Since the phase difference between the signals at the two an-
tennas isA® = (2w Ar)/A, whereAr is the range (or path)
difference from the target to the two antennas and the
radio wavelength, one obtains
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o

In the present casgy;, ~ 22° and this in turn provides a lobe

cross-beam length df;;, = 2rta 2) >~ 72km at the
Fig. 2. Dependence of the zonal scattering region mean size on the 9 IL rtan@./2)

measured coherencies for the SESCAT interferometer experimenmoSt probaple backscatter r.angerof_ 185km. Ly, repre-
sents the distance a scattering source has to travel across the

Note that the errors due to range uncertainties are up to about 10%. . .
antenna beam just before the phase difference wraps around.
Accurate knowledge of.;; is of importance for the esti-

. ) . mation of the source traversing speeds. Note that here
in the first SESCAT paper by Haldoupis and Schlegel (1993) 5 |5 ger than the 3-dB zonal extent (or beamwidth) of the

where the experiment is described in detail, the system Obécattering region; thus, one should not expect to see sig-

serves a fixed volume confined to ranges from about 17Qi5ean¢ wrap-around uncertainties in the measured cross-
to 210 km, with the most probable range for optimal eChospectral phases. This, however, should not be taken for

reception near and about 185km. Because of its b'Stat'cgranted because of the large dynamic range of the received
geometry, SESCAT is sensitive to backscatter from plasma, ., oo

waves that have wavelengths slightly higher than half the For the SESCAT interferometer, the output audio fre-
radio wavelength anq_which propggate along the bisecm'iquency signals of both receivers were digitized and pro-
formed by the transmitting and receiving antenna beams. Th%essed on site by using two identical DSP (digital signal
observing direction is oriented5.5°> east of geomagnetic processor) units, housed in a Pentium-class personal com-
nort_h,_thus SESCAT observes nearly along the geomagnenguter. Highly efficient software, partly written in assembly
meridian. language and partly in €, allowed for fast Fourier trans-

An interferometer requires at least two receivers and tWOformationS and Subsequent power Spectrum and cross spec-
receiving antennas. To upgrade SESCAT into an interferom+yym calculations to be performed in real time. Given that the
eter a new receiver system was built that consisted of twq,gefyl Doppler spectral band is between 800 Hz and 1200 Hz
identical superheterodyne receiver units. In order for the reith the zero Doppler shift being exactly at 1 kHz, a digiti-
ceivers to be phase-coherent, both were driven by a singlezation rate of 2.5 kHz was used giving a sampling interval of
ultra stable oven-controlled crystal oscillator operating at ex-A; — 0.40 ms and a Nyquist frequency ¢f, = 1.25 kHz.
actly 1 kHz below the transmitted frequency. This shift rela- The realR1 2(f) and imaginaryly »( f) Fourier coefficients
tive to the transmitted frequency is necessary for CW radarsyere computed for each receiver output signal by fast Fourier
in order for both positive and negative Doppler shifts to be transforming 2048-point time series of 0.8192 s. This yielded
measured and, as such, for the full Doppler spectrum to bg frequency resolution ok f = 1.22 Hz or a Doppler veloc-
determined. ity resolution of 3.80 m/s.

In the experiment under description, the two antennas re- Single power spectra for each receiver were computed the
quired for interferometry were simply provided by splitting usual way §1.2(f) = sz(f) + Ifz(f)) and stored for av-
the receiving array of four Yagis into two sub-arrays, eacheraging. For cross-spectral analysis, the Fourier transform’s
sub-array made up from two adjacent single Yagi antennasteal and imaginary parts of the two time series were com-
This resulted in an approximately east-west antenna baselinkined to obtain the cross-spectral coefficients; that is, the
of 16 m, which turned SESCAT into an azimuthal interfer- co-spectrumC12(f) and the quadrature spectru@(f),
ometer. In this configuration, the beamwidth for each re-which were also stored for averaging. The power spectra
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FEZCAT interferometer (1), File kOS2119, 12 averages, RL = 2 d4dB
Doppler wvelocity mSs, 21 May 2001, 19:00 UT, spectrum 99-326. 326
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Fig. 3. An example of SESCAT Interferometer measurements during an active period of mid-latitude scatter. Shown are color-coded Doppler
spectrograms of the logarithmic power spectra (top panel) and cross-spectral coherency and phase (lower two panels). The cross-spectr:
estimates reveal the presence of various echoing sub-volumes inside the radar viewing volume and provide information about the sizes,
azimuthal location and zonal motion of these unstable regions.

and cross-spectral coefficients were finally stored on diskgiven by Farley et al. (1981). The source mean size was com-
as averages of six sequential time series and, as such, aveputed in Fig. 2 for three radar ranges, in order to also esti-
aged cross-spectral estimates of 4.9152 s were available fanate the anticipated errors due to range uncertainties, which
subsequent analysis. These averages were used to computee inherent in a CW bistatic radar. The solid line curve is for
the normalized cross-power amplitude spectrum, or the cothe most likely range of 185 km that corresponds to exact per-
herencyy12(f), pendicularity at E-region altitudes near 105 km, the altitude
usually assumed to be optimal for plasma instability excita-
tion. In addition, also shown in Fig. 2 are the corresponding

_ [{C120N)% +(Q12(f))? 5
2= (S1(FY(S2(/)) 2) curves for the ranges of 170 km (dashed curve) and 210 km
(dotted curve), which represent the lower and upper range
and the cross-phase spectrdny(f) limit, respectively. As seen, the maximum errors anticipated
(012()) for Ly, because of uncertainties in range for this interfero-
D12(f) = arctan(m> ) (3) metric configuration, are not much larger that0%.

Finally, since no effort was made to calibrate the cross-
Note that in the above notation, subscripts 1 and 2 correphase measurements, only relative cross-phase values are of
spond to the west and east interferometer antennas, respeégnportance here. Variations in the relative cross-phase with
tively. Also, the ensemble averaging notation here denotesime can be measured accurately and subsequently used to
time averaging over six successive 2048-point fast Fouriecompute the source traverse speeds. In the present configu-
transforms in time. ration of azimuthal (zonal) interferometry, the traverse speed

Figure 2 shows the scattering source mean sizes, whiclpf a localized source can be estimated from sequential cross-
were inferred from the measured coherencies and computeghase spectra by using the expression

from the equation

- 2 AD
£() = 2 el ), @  vip= 2 ©)
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ZEERCAT interferometer (1), File gd71823, 6 averages, RL = 2 d4dB
Doppler wvelocity mSs, 18 Jul 1997, 2300 UT, spectrum 3I55-582-582
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Fig. 4. Same presentation as in Fig. 3 but for a backscatter burst which is commonly associated with mid-latitude type 2 echoes. The
coherency and cross-phase spectrograms reveal additional structure and the presence of a region which is weakly, or marginally, unstable t
the Farley-Buneman instability.

and taking the range equal to the most likely range of pressed in m/s (with the negative sign corresponding to mo-

185 km. Again, the maximum errors due to range uncer-tions away), whereas the spectral power intensity is color-

tainties are expected to be less than about 10 to 12%. Asoded as the signal-to-noise power ratio in dB. This figure

for the polarity of the motion, it is to the west (east) when shows a typical sequence of backscatter bursts having broad
A®12(f) increases (decreases). The polarity was confirmedpectra, peaking at small Doppler shifts.

by moving a test transmitter unit across the receiver beams.  tha jower two panels in Fig. 3 display the color-coded

spectrograms for the corresponding coherency and cross-

phase, which reveal additional features not seen in the power
3 Observations and discussion spectra. The coherency plot shows the presence of several

spatially confined regions of instability. Often these regions
In this section we present and discuss selected interferometwill be present simultaneously in different Doppler bands,
ric observations from different periods of SESCAT opera- adding together to produce the composite effect seen in the
tion. Although these examples tend to typify our data baseDoppler spectra. For example, the broadest spectra observed
they are by no means exhaustive. The interferometry recordat~19:23 UT are caused by the presence in the viewing vol-
are characterized by a great variety of “signatures” reflectingume of two localized unstable regions with opposite Doppler
the complexity and dynamics in the scattering medium, andvelocity polarities, nea#=200 m/s. Also, the apparently ho-
provide information which is unobservable in the Doppler mogeneous burst of scatter from about 19:39 to 19:46 UT
spectra. is again due to the coexistence of localized sub-regions of

The complexity in the scattering volume and the turbu- echoes of opposite Doppler polarity. The cross-phase spec-

lent nature of the unstable plasma can be appreciated itrogram is shown in the bottom panel with the 3gihase
Fig. 3 which refers to an active period of SESCAT 50 MHz span being color-coded and covering an azimuthal extent of
backscatter. The Doppler power spectrogram (Dopplerabout 70 km, stretching from the east (blue) to west (red).
velocity-time-power) seen in the upper panel is shown onlyThe cross-phases show that some of the localized backscat-
for the west receiver, since the east receiver one is basiter regions are located at different azimuths within the as-
cally identical. They-axis presents the Doppler velocity ex- pect sensitive scattering volume, whereas others are seen
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Fig. 5. It refers to the event of Fig. 4, but now the cross-spectral coefficients (coherency and phase) are averaged inside three selected Dopple
bands (marked in the upper panel) and plotted in time, using characteristic band symbols, only if the coherencies are large. The positive
(negative) phase slopes with time in the bottom panel refer to westward (eastward) bulk motions of the corresponding localized scattering
regions depicted by the high coherencies in the middle panel.

at the same azimuth which means that these regions mustre capable of scattering the incident VHF radio waves. As
come from different altitudes. Some backscatter bursts exshown by Haldoupis et al. (1997) and, contrary to the equa-
hibit a progressive phase change with time, clearly suggesttorial and auroral electrojets, the mid-latitude type 2 echoes
ing a westward bulk motion, e.g. see the gradual change imepresent the overwhelming majority of radar backscatter.
color from green to yellow and then red in the last burst of
scatter from about 19:47 to 19:53 UT, which translates into
a westward speed 6f100 m/s. The complicated situation
illustrated in Fig. 3 is seen often during active periods of in-
stability.

The color-coded spectrograms of coherency and cross-
phase in Fig. 4 reveal additional features, which alter the
impression inferred from the power spectra alone. As seen,
the observed echoes are caused by successive localized re-
gions of instability having a mean zonal extent ©f0—
15km (e.g. Fig. 2), which move across the radar field-of-
view. The cross-spectral estimates show that the pronounced
skewness between about 23:36 and 23:42 UT is not a nonlin-
Figure 4 refers to a typical event which is spectrally identified ear effect but the result of superposition on the low Doppler
with type 2 echoes and, as in Fig. 3, it summarizes both theshifted echoes of backscatter from a distinctly different and
power spectral and cross-spectral information. Note that typeather localized region of high Doppler velocities that exceed
2 echoes are attributed to short-scale isotropic turbulence-250 m/s. We interpret these echoes as being due to type 1
consisting of short-lived, low phase velocity plasma wave in-irregularities excited by the Farley-Buneman instability (e.g.
homogeneities propagating in every direction in the aspecsee Haldoupis et al., 1997). As shown by the cross-phase
sensitive plane perpendicular to the magnetic field. Our unspectrogram in the bottom panel, this high Doppler veloc-
derstanding of type 2 echoes relies on the theory of Sudaiity region enters the field-of-view from the east and moves
(1983), which models a nonlinear process of wave-wave in+apidly westward, as illustrated by the progressive change in
teraction resulting in a turbulent cascade of wave energy frontolor. At the same time, the simultaneously observed region
larger scale plasma waves, directly generated by the gradief low velocity echoes remains nearly stationary in the zonal
ent drift instability, to meter scale plasma irregularities which direction.

3.1 Type 2 and Type 1 echoes



C. Haldoupis et al.: 50 MHz interferometer observations of unstable sporadic E-layers 1595

EEECAT spectrogram, File TVg220030.506, & averages, RL = 2 4B
Doppler wvelocity mAs, 22 Jul 1997, GO :30:44, spectrum 10-123.7123
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Fig. 6. Same as Fig. 4 but for a case when both type 2 and type 1 echoes are seen simultaneously. The cross-spectral information shows the
the two echo types come from different scattering regions located at different azimuths and that they both move westward but with different
speeds.

A more quantitative view can be gained if we focus on for the coherency and cross-phase, which are labelled along
averaged coherency and cross-phase values inside the spehe right-handy-axis, we also use distance which is labelled
tral band where a distinct region of backscatter is locatedin km on the left-hand-axis of the figures. These distances
Our analysis software allows for the selection of either two represent the root mean square azimuthal extent of the scatter
or three adjacent bands of variable width across the Dopplesource (for coherency) and the zonal distance travelled by the
spectrum and computes the mean coherencies and crosseurce across the interferometer lobe (for cross-phase). Their
phases inside those bands, which are then plotted as a funsealing is in line with the ionospheric interferometry theory
tion of time. This form of presentation is shown in Fig. 5 that was outlined in the previous section and corresponds to
for the event presented in Fig. 4. The upper panel showghe optimal range of 185 km.

the Doppler power spectrogram (same as in Fig. 4 but hav- The band-averaged coherency estimates, in the mid-panel

ing a lower color-coded resolution), where also the 3 spectral ¢ - :
) o . . g. 5, show that the type 2 echo entity, suggested by the
band boundaries are marked by solid lines and identified oNsual Doppler spectrogram in the upper panel, is actually

.the r|.g_ht by the colqred symbqls. Here, the central band IScomposed of at least two separate regions of low Doppler ve-
identified by open circles and is set46150 m/s, the lower

locity (type 2; ircl d i f high ti
band of negative Doppler shifts has its limits betweetb0 ocity (type 2; open circles) and one region of high negative

Doppler velocities (type 1; red triangles). Th d-
and—320 m/s and is marked by red triangles, while the blue PPl velocities (type 1; red triangles). The correspon

. . _ o ing cross-phase values in the lower panel are sloping with
triangles refer to the positive Doppler shift band which is Seliime because of fairly steady bulk motions of the unstable
between +150 m/s and +320 m/s.

regions across the receiver beam. As seen, all three major

The mean cross-spectral values for the three bands just descattering regions, identified by the enhanced coherencies in
scribed are plotted, using their band symbols, in the lowerthe mid-panel, have positive phase slopes which translate to
two panels of Fig. 5 ify12 > 0.6. This coherency level was westward bulk motions with speeds near 60 m/s for the type 2
set arbitrarily in order to de-crowd the plots and thus focusregions and 90 m/s for the type 1 region. With respect to the
on the dominant cross-spectral trends which are statisticall\simultaneously seen type 2 and type 1 regions from about
the most stable. Note that, besides using standard labelling3:37 to 23:41 UT, these regions originate at the same az-
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Fig. 7. Power spectra and cross-spectral Doppler spectrograms for a typical example of quasi-periodic (QP) echoes having, on average, ¢
period of~8 min. As seen, the QP echoes are basically a sequence of individual plasma structures which are unstable as they move acros:
the radar beam.

imuth but move zonally in opposite directions with the low structured in Doppler velocity (or Doppler shift), with the
Doppler shift region traversing eastward at abe®0 m/s,  positive and negative Doppler bands coming from zonally
whereas the high velocity region moves westward at 89 m/sadjacent echoing regions separated by a few kilometers. Both
Assuming that the individual backscatter regions move withDoppler bands move as an entity across the radar beam with
the neutral wind, the last observation is suggestive of a verti-a speed near 50 m/s which means they associate with one
cal zonal wind shear with the simultaneous type 1 and type 2and the same unstable plasma region. This situation, which
echoes coming from different altitudes and thus having dif-is observed regularly in our data, is in contradiction with the
ferent zonal speeds. notion of isotropic plasma turbulence characterizing type 2
Figure 6 shows another example of type 2 and type 18choes, a fact that has been pointed out before in a paper
echoes. The Doppler spectrogram in the upper panel starfdy Hussey et al. (1999). This option, of course, does not
with a burst of strong scatter having broad Doppler spectre€xclude the possibility that the gradient drift instability does
that identify with the familiar spectral signature of type 2 OPerate in each region to generate irregularities that move in
echoes. This is followed by some weaker bursts with nar-OPPOSsite directions under the action of oppositely directed
row spectra near zero Doppler shift, accompanied also by #onal electric fields and favorable plasma density gradients.
narrow spectral band of faint backscatter at large negativé2) The type 1 echoes show no structure across their Doppler
Doppler velocities, presumably of type 1 (e.g. see Haldoupis?and and all they come from the same localized region. The
et al., 1997). The latter is depicted more clearly in the co-l0calized regions of type 1 echoes in Fig. 6 have mean zonal
herency plot which shows that the weak type 1 echoes Origi_scales _of less than 8 km and traverse across the beam to the
nate from rather localized regions of backscatter that occupyVest With speeds near 120 m/s.
different azimuths relative to the simultaneous low veloc-
ity echoes. The cross-phase changes with time in the loweB.2 Quasi-periodic echoes
panel show that all regions undergo a bulk motion to the west.

A detailed analysis (similar to that in Fig. 5) of the data The term “quasi-periodic (QP) echoes”, invoked by the first
in Fig. 6 reveals the following: (1) The type 2 echoes are MU (Middle and Upper atmosphere radar) observations near
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SESCAT interferometer (1), file fFOT27V21, 18 averages, AL = 2 dB
Doppler wvelocity mss, 27 Jul 1996, 21:00 UT, spectrum 13-240/240
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Fig. 8. Same presentation as in Fig. 5, but for the QP event shown in Fig. 7. The cross-phase time slopes in the bottom panel indicate
westward speeds near 110 m/s for most of the sequential backscatter regions as they traverse across the radar field-of-view with the neutre
wind.

Kyoto (e.g. see Yamamoto et al., 1991), refers to periodicpanel of Fig. 7 are very similar in all scatter bursts, display-
sloping striations in RTI (range-time-intensity) radar plots, ing a repeated pattern of zonal bulk motion having a west-
having periods from a few minutes to a few tens of minutes.ward velocity component near 100m/s. Also inferred is a
These spectacular RTI signatures attracted considerable asouthward velocity component of bulk motion, because the
tention and a great deal of research has been done since tlieoss-phase changes in all structures span only part of the
first QP measurements (e.g. see Hysell and Burcham, 200860 interferometer lobe, that is, most colors change from
and references therein). Recently, Hysell et al. (2002a) usedark blue to green, which is equal to ar230° phase span.
sophisticated in-beam radar imaging observations, and apfhis means that all sequential regions must enter the aspect
plied both refraction and finite magnetic aspect angle effectsensitive field-of-view from the northeast and move out in the
to prove that the RTI striations of QP echoes are simply thesouthwest. This sequence of scatter could have appeared in
signatures of migration of spatially localized and strongly an RTI plot of a radar like MU, as seven negatively sloping
unstable plasma structures, inside a sparsely-filled radar volperiodic striations, that is, a “QP classic” signature. Finally,
ume. However, what is striking with some QP echoes, whichit is interesting to note that despite the likely presence of a
is not yet well understood, is their pronounced periodicity. sizable southward component of bulk motion, the observed

Figure 7 shows an example of a QP echo observed by th&1€an Doppler shift remains on average negative. This sug-
SESCAT interferometer. The power Doppler spectrogram indests that the negative mean phase velocities of the scattering
the top panel shows a series of 7 successive scatter burstdegularities are most likely higher than those observed.

of variable intensity that occur within a period of about 7 A more quantitative picture for the QP echoes shown in
to 9min. The periodic character of this echo is accentuatedrig. 7 s provided in Fig. 8 which is similar to Fig. 5, where
greatly in the coherency (middle panel) and the cross-phasgoy instead of 3 there are 2 Doppler bands of opposite po-
(bottom panel) spectrograms. Clearly detected here are a Sgyrity petween 0 andt80m/s. The band-averaged cross-
ries of 7 discrete regions of instability that traverse in time gpectral estimates, marked in the lower two panels by red
sequence across the aspect sensitive area viewed by the radghq plue triangles, exhibit a remarkable periodicity. The co-
suggesting also some degree of space coherence. herency shows that the mean azimuthal extent of the unstable
The cross-phase changes with tird@b(/dr) in the lower  structures is in the range from about 5 to 10 km. The cross-
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phases show nearly parallel positive slopes for each travers4 Summary and concluding points
ing backscatter burst, which amounts to westward speeds be-
tween about 100 and 110 m/s (except for the last burst wherén this paper we introduce the conversion of SESCAT (a
this speed is near 150 m/s). We attribute these speeds to %0 MHz continuous wave (CW) Doppler radar located in
strong westward wind, in line also with a recent study of QP Crete) into a single baseline interferometer. This was im-
echoes by Haldoupis et al. (2001) and many other radar studglemented in order to utilize the advantages of a CW radar,
ies (e.g. see Tsunoda et al., 1994). Finally, the phase velocitthat is, its excellent time and Doppler frequency resolutions,
span covered in succession by each drifting region suggests order to study short-term dynamics and traverse motions
a zonal scale length of about 30 to 40 km on average, that isof localized regions of instability. In this experiment, the in-
this is the mean spatial separation between successive instterferometer baseline was oriented approximately along the
bility regions. east-west direction; thus, the system was capable of monitor-
ing the scattering region in the zonal (azimuthal) direction.
As can be inferred from the observations so far, the conver-

A new model developed for QP echoes in a series of two
recent papers by Hysell et al. (2002a, b) may account for,
most of the observations. It is based on the notion of dense
plasma blobs, or clouds, which drift southwestward with the
background wind. Also in line with the polarization mech-
anism proposed by Haldoupis et al. (1996) and modelled b)}C
Shalimov et al. (1998), the numerical simulations of Hysell fo
et al. (2002b) predict that a plasma blob, under the action
of an ambient southward electric field and/or a strong west-
ward zonal wind, is subject to strong zonal polarization fields
which set up inside the blob and locally drive Hall currents
that can destabilize the plasma via the gradient drift and/or
the Farley-Buneman instabilities. According to Hysell et
al. (2002b), the polarization fields are sustained through a
complicated current closure system in the inner and outer
edges of the blob and along the magnetic field lines in the
F-region. In this model, the electrons undergo rapid north-
ward drifts inside the plasma structure and slower southward
drifts at the edges, which suggests different Doppler polar-
ity echoes between both the leading and trailing blob edges
(small positive shifts) and the blob central region (larger neg-
ative shifts). This pattern is supported only partially by our
interferometer data showing that in some bursts of scatter
their positive Doppler shifts (blue triangles) lead in azimuth
the negative shifts (red triangles); this trend, however, pre-
vails across the entire plasma structure and there is no change
in Doppler polarity at its trailing edge.

Finally, the Hysell et al. (2002a) interpretation for QP
echoes does not deal with, and thus provides no explana-
tion for, the source of the observed periodicity, that is, the
mechanism that forces these unstable regions to form some-
times in a well-defined wave-like sequence. The fact that QP
echoes are due to unstable plasma blobs drifting with the neu-
tral wind made Hysell et al. (2002a) speculate that they may
originate from neutral wind shear instabilities and are simply
Kelvin-Helmholtz billows, in accordance with the QP gener-
ation mechanism proposed by Larsen (2000) and modelled
recently by Bernhardt (2002). Bernhardt’s model predicts
typical time scales of less than 10 minutes and spatial scale
lengths of less than about 10 km, which seems to agree, at
least for the QP echoes under consideration.

2.

sion of SESCAT from a single CW Doppler radar into an in-
terferometer did improve its potential for studying E-region
backscatter.

Since this is the first paper on SESCAT interferometry, we
provide here all necessary details about the interferometer

rt also to select and discuss typical observations, we feel
there is a lot more left in our data that needs to be studied, a
task already under way. The findings and conclusions of the
present analysis are summarized as follows:

1. The broader ionospheric region viewed by the radar

during an active period of backscatter is not a con-
tinuum but rather a strongly structured and inhomoge-
neous medium. Usually, it is filled with a few spatially
confined regions of plasma instability that drift, pre-
sumably with the neutral wind, through the radar beam.
These unstable plasma structures, which can be iden-
tified as plasma “blobs”, “clouds”, or “patches”, must
relate to spatially inhomogeneous (patchy) sporadic E-
layers. This picture, and the need for a better physi-
cal understanding, perhaps points to a new generalized
nonlinear approach for the unstable E-region, developed
by St.-Maurice and Hamza (2001), which describes the
essential physics of the plasma instabilities in terms of
non-periodic polarized plasma structures.

The unstable plasma structures detected by the CW in-
terferometer have a wide range of mean zonal sizes,
ranging from a few kilometers to several tens of kilo-
meters. The great majority of these structures drift
across the radar beam with westward speeds ranging
from about 20 to 100 m/s, whereas larger speeds as high
as 150 m/s are not unusual. This is in agreement with
the fact that SESCAT echoes occur in the pre-midnight
summer nighttime (e.g. see Haldoupis and Schlegel,
1996), when neutral wind velocities, as determined by
models, are mostly westwards and southward in the pre-
midnight time sector (e.g. Hedin et al., 1996; Roble
and Riddley, 1994). Westward motions of unstable spo-
radic E patches with magnitudes comparable to the ones
measured here have also been reported in several radar
and rocket studies (e.g. Tanaka and Venkateswaran,
1982; Yamamoto et al., 1992; Bourdillon et al., 1995;
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Larsen et al., 1998; Haldoupis et al., 2001, among sev- This is in agreement with the interpretation produced
eral others). We suspect that these westward motions  recently by Hysell et al. (2002a), who used detailed in-
of the mid-latitude E-region backscatter is an inherent beam MU radar imaging observations. In our opinion,

property of the phenomenon, which might be of impor- there is nothing exceptional in QP echoes with respect
tance not only in creating th&; layering, but also in to the operating instability mechanism which makes
the destabilizing process as well, for example, along the them different from the rest of mid-latitude backscat-
lines of the wind-driven instability mechanism of Ka- ter; the only question that remains to be clarified relates
gan and Kelley (1998), and in setting up strong east- to the physics of the process(es) that makes those drift-
ward polarization electric fields (e.g. Haldoupis et al., ing unstable patches of plasma traverse across the radar

1997) which then can excite the gradient drift and/or the beam in a wave-like sequence.
Farley-Buneman instabilities.
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