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[1] During June and July 2002, a 30-MHz imaging coherent scatter radar was installed
and operated on the island of St. Croix, to view the E region ionosphere above
Arecibo, Puerto Rico. During the observing period, 10 events with discernible
quasiperiodic echo structure were observed with the coherent scatter radar. In six of those
events, simultaneous measurements were made with the Arecibo 430-MHz incoherent
scatter radar. The imaging coherent scatter radar allows us to locate and track the echo
structures within the volume illuminated by the transmitter, which shows structures
that are generally aligned along wavefronts. A slight preference for motion of the
structures toward the southwest is evident throughout the period, but the propagation
directions and speeds vary greatly. The incoherent scatter radar measurements show a
close correspondence between the occurrence of the coherent echoes and the location of
the enhanced electron density structures. In particular, the coherent echoes occur when the
electron density layers show uplifts.
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1. Introduction

[2] In this paper, we summarize the observations of
sporadic E layers and quasiperiodic (QP) echoes made
during a 3-week period in the Caribbean in June and July
2002. The data set includes measurements made with an
incoherent scatter radar, an imaging coherent scatter radar,
an optical imaging system, and a lidar. We therefore have
common volume measurements of the background plasma,
the plasma structure and its motion, and the neutral structure
and its motion. In this respect, the experiment provides a
much more complete picture of the environment associated
with QP echoes than has typically been available in earlier
experiments.
[3] A 30-MHz radar with multiple receivers and multiple

receiving antenna baselines was installed on the island of
St. Croix. The transmitting and receiving arrays were
pointed toward the west-northwest in the direction toward
Puerto Rico. The requirement for backscatter to occur is

that the beam direction is perpendicular to the magnetic
field lines. The locus of points in the lower E region defined
in this way included a broad area over the western half of
Puerto Rico that included the volume that can be sampled
with the Arecibo 430-MHz incoherent scatter radar. The
basic parameters of the experiment, the basic principles of
the imaging radar technique, and the first results from one
night of observations when particularly strong echoes were
detected over Puerto Rico have been described by Hysell et
al. [2004]. The geometry is shown in Figure 1.
[4] The most commonly recognized indication of the

presence of QP echo structure is also the feature that was
first used by Yamamoto et al. [1991, 1992] to identify the
phenomenon, namely, lines of echoes in the range-time-
intensity (RTI) plots with negative slopes, i.e., slopes
toward the radar. Typical periodicities between adjacent
lines of echoes were found to be in the range of a few
minutes to as much as 10 min in some cases. Although the
initial observations suggested a consistent negative slope,
subsequent observations showed both positive and negative
slopes and a tendency for the slopes to reverse during the
night [see, e.g., Hysell and Burcham, 1999; Pan and
Larsen, 2000]. Furthermore, the imaging coherent scatter
radar observations from St. Croix that were described in the
earlier paper [Hysell et al., 2004] showed clearly that
patterns in the RTIs that appear simple often mask a more
complicated pattern of echolocations and echo scattering
center movements in three-dimensional space.
[5] The common volume observations with the Arecibo

UHF incoherent scatter radar (ISR) and the St. Croix HF
imaging coherent scatter radar (CSR) provide a unique view
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of the processes and dynamics associated with QP echoes.
The ISR backscatter shows the electron density structures
directly, and by scanning in azimuth, information about the
horizontal and vertical gradients in that structure can be
obtained. The CSR backscatter requires perpendicularity of
the beam to the magnetic field lines and the presence of
plasma structure at the scale size of half the radar wave-
length. Some enhancement in the electron densities clearly
has to be present as well to produce coherent scatter, but it is
not necessarily the case that the backscatter occurs where
the largest density enhancements are found. The combina-
tion of the ISR and CSR measurements can be used to
examine the relationship between the two.
[6] Besides the ISR, the Arecibo Observatory also has

considerable optical instrumentation, including a resonance
lidar and imagers operating at several different wavelengths.
On one of the nights when QP echoes were observed with
the CSR, we were also able to obtain potassium lidar and
557.7- and 630.0-nm all-sky imager data.
[7] In the remainder of the paper we will focus on the

data from three nights of observations during the 3-week
period.

2. Observations

2.1. 14 June 2002

[8] One of the most active nights with QP echoes
occurred at the beginning of the 3-week observing period
on 14 June 2002. The RTI plot obtained with the CSR on
St. Croix is shown in Figure 2. Throughout the night, there
was a mixture of positive and negative, i.e., toward and
away, slopes in the QP echo structures. In the period prior to
0015 UT [2015 Atlantic standard time (AST)], both slopes
occurred in the same time period throughout the range
where echoes were observed. From 0015 UT to approxi-
mately 0030 UT there is a period with predominantly
positive slopes. Later, between 0115 and 0200 UT, there
is a period when the slopes are more uniform with predo-

minantly toward slopes, especially in the range from 240 to
280 km. This data set was described in more detail by
Hysell et al. [2004].
[9] The map of the scatterers derived from the imaging

analysis at 0038 UT (2038 AST) is shown in Figure 3. All
references to local time here and in the remainder of the
paper refer to AST. Four bands of echoes, two bright bands
and two weaker bands further to the north and south, can be
seen in the figure aligned roughly from west-northwest to
east-southeast. A similar analysis was carried out for each
set of measurements in the time sequence so that a movie
could be made to show the propagation direction and
velocity of the structures, as well as their time evolution.
The image sequence shows that the bands were propagating
in the south-southwest direction, roughly perpendicular to
the alignment of the bands. The observed propagation
direction at this time was consistent with the preferred
direction inferred in some earlier studies, i.e., toward the
southwest or south-southwest.
[10] On the night of 14 June, the Arecibo ISR was

operated in a dual beam mode using both the Gregorian
and line feeds. The two feeds are located on the same
azimuth arm and are typically placed symmetrically with
respect to zenith, as was the case in the observations
described here. The beams were therefore 180� apart in
azimuth. On this night and the other nights described later,
the beams were pointed off vertical at a zenith angle of 15�.
The radar was scanned continuously in azimuth throughout
the observing period. The RTI obtained in this way is shown
in Figure 4. The values plotted here, and in subsequent
Arecibo RTIs, represent the pulse-to-pulse coherence, which
is a proxy for relative power and thus also for the electron
density. The measurements from the two different beam
directions are shown in the same figure with red and green
shading, respectively. The panel at the top of the figure
shows the azimuth direction for each beam with the same
red and green designation. The period required for a full
360� scan was approximately 30 min. The scans were

Figure 1. Map shows the locations of the coherent scatter imaging radar on St. Croix and the incoherent
scatter radar at Arecibo, Puerto Rico. Concentric dashed circles indicate the distance from the radar on St.
Croix to a point on the circle at 100-km altitude. Horizontal curves represent the locus of perpendicularity
from St. Croix at different altitudes.
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carried out in the clockwise and counterclockwise directions
in alternate scan cycles.
[11] Comparing the red and green structures in the figure

shows that the lags between similar structures detected in
the two beams are primarily temporal rather than spatial.
For example, around 2315 UT, similar structure is evident
first in one beam, shown by the red shading, and then in the
other beam, shown by the green shading. The delay,
however, is less than the time required to complete a half
scan cycle. The same applies to the structure that appears
shortly after 0015. The uplift is seen first in the green

shading and then in the red with a temporal lag much
shorter than the time required for a 180� scan. The rela-
tionship between the measurements in the two beams is less
clear after 0300 UT.
[12] Comparison of Figures 2 and 4 shows that there is a

close correspondence between the periods when the uplift
was observed and the occurrence of the QP echo structures.
The first period with QP echoes was from approximately
2330 to 0015 UT. The second period was from 0015 UT to
0115 UT, and so on. After 0230 UT, it is difficult to identify
slopes unambiguously in the CSR RTI plot. At the same

Figure 3. Map showing images obtained from the analysis of the coherent scatter measurements on 14
June 2002. The image in the figure corresponds to 0038 UT (AST + 4 hr).

Figure 2. Coherent scatter radar RTI plot for the observations on the night of 14–15 June 2002. The
radar was located on the island of St. Croix. The scattering region was above the island of Puerto Rico.
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time, it becomes difficult to identify the time lag between
the structure observed in the two ISR beams, and the layer
also becomes much broader in altitude extent.
[13] During the night of 14 June, the potassium reso-

nance lidar was operated after 0130 UT (see Figure 5),
which was after the first period of significant uplift prior to
0100 UT. The next major uplift occurred between appro-
ximately 0200 and 0300 UT. At that time the main
potassium layer was located below 98-km altitude, but
note the weaker potassium emissions that are visible above
105 km. In particular, there are two major uplifts in the
sporadic E layer and two uplifts in the weak upper
potassium layer that correspond both in timing and in
duration. Figure 5 also shows that the upper potassium
layer exhibited an upward displacement prior to the upward
movement in the ionization layer that started at 0200 UT.
The relationship between sporadic atom layers and sporadic
ionization layers has been described in several earlier
papers [e.g. Kane et al., 2001], and a similar correspon-
dence is evident here. The feature of more interest to us
here, however, is the location of the weak sporadic potas-
sium layer near the upper extent of the vertical displace-
ment in the ionization layer, and particularly the occurrence
of a strong upward displacement in the neutral layer before
the first ionization uplift. The lidar measurements near
97-km altitude also showed a large temperature oscillation
with an amplitude of 30 K between 0130 and 0330 UT, i.e.,
during the period when there are large layer uplifts. These
large temperature fluctuations indicate that there were large
vertical velocity fluctuations in the background neutral
atmosphere during this period.

[14] At 0215 UT, the CSR image showed several bands of
echoes located in the western half of Puerto Rico and
extending into the region west of the island, as shown in
Figure 6. On the night of 14 June, the Boston University all-
sky imager system at Arecibo also provided data during part
of the period covered by the radar data, including the time
around 0215 UT. The system operates with four different
filters, alternating between the four wavelengths and sam-
pling each for 90 s. The effective sampling period for a
single wavelength is therefore 6 min. The 557.7-nm green
line is a neutral emission, of course, with a centroid
emission altitude near 96 km. An image in 557.7-nm
emission obtained at 0215 UT by the Boston University
all-sky imager is shown in Figure 7. This is a time-
difference image, i.e., the result from the subtraction of

Figure 4. RTI measurements made with dual beams using the incoherent scatter radar at Arecibo. The
measurements from one beam are indicated by the green shading and from the other by the red shading.
The beam directions were swept in azimuth during the course of the observations. The pointing direction
for each beam is shown in the upper panel.

Figure 5. Lidar potassium density measurements made at
Arecibo on the night of 14 June 2002.

A06321 LARSEN ET AL.: RADAR AND OPTICAL OBSERVATIONS OF QP

4 of 12

A06321



two subsequent images, that has also been mapped onto
the Earth’s surface assuming an emission altitude of 96 km.
The all-sky image includes coverage of a much larger
area than that covered by the CSR, but similar structure is
evident in the region that corresponds to the western part
of Puerto Rico and the region west of the island. In fact,
there is a one-to-one correspondence between the bands
observed in the echo structure and the bands evident in the
557.7-nm emissions. The period of the waves in the radar
images (Figure 6) is �10 min, with a corresponding Nyquist
sampling rate of 5 min. The green-line images were there-
fore undersampled. Movies of the optical imager data in fact
show structure that appears to be propagating in a direction
opposite to that of the structure in the radar images. When
the undersampling is taken into account, however, the
propagation phase speed and period are consistent in the
two data sets. The 630.0-nm red-line imager data during
the same period does not show any corresponding structure,
indicating that the waves occur in the E region and not in
the F region. A sequence of vertical displacements are also
discernible in the potassium lidar data around that time, as
can be seen in Figure 5 at the top of the potassium layer near
98- or 99-km altitude.
[15] Taylor et al. [1998] described observations of the

OH and 557.7-nm emissions made with a pair of imaging
systems located in Japan during the SEEK campaign
when conventional coherent scatter radar measurements of
QP echoes were also available. They found that the struc-
tures observed with the imagers were generally moving
in directions that were centered around northeast. They
concluded that there was no apparent relationship between
those structures and the QP echo structures since the latter
were found to be moving predominantly in the southwest
direction, i.e., in the opposite direction. The effective
sampling period for each imager wavelength in their exper-
iment was similar to that used for the imager observations
presented here. Detailed information about horizontal
wavelengths and propagation speeds of the QP echo struc-
tures is not available in the paper of Taylor et al. [1998],
but it seems likely that the general characteristics of the
QP structures in their study were similar to those presented
here and that the imager therefore undersampled the struc-

tures, as was the case in our observations. Undersampling
could explain the apparent difference in the propagation
directions between the radar and imager structures.
[16] Finally, we show the radar image map at 0059 UT

(2059 AST) in Figure 8, which shows a series of echo
structure bands aligned closer to the north-south direction in
the region west of Puerto Rico. Those bands were observed
to be propagating west to east, again approximately perpen-
dicular to the orientation of the bands. In fact, during the
observing period, a mixture of echo line orientations and
propagation directions were observed. The overall data set
is too small for any meaningful statistical analysis, but in
general, there was a slight bias toward the west-northwest to
east-southeast orientation with propagation toward south-

Figure 6. Map showing images obtained from the analysis of the coherent scatter measurements on 14
June 2002. The image in the figure corresponds to 0215 UT (AST + 4 hr).

Figure 7. Time-difference all-sky image in 557.7-nm
emission at 0215 UT on 15 June 2002. The image is shown
as a negative image to highlight the wave structure.

A06321 LARSEN ET AL.: RADAR AND OPTICAL OBSERVATIONS OF QP

5 of 12

A06321



southwest. A large fraction of the cases had other line
orientations and propagation directions however.

2.2. 1 July 2002

[17] The night of 1 July 2002 had echoes that were
comparable in magnitude to those on 14 June, although
the active period was more limited in duration. The CSR
RTI is shown in Figure 9, which shows a mixture of toward
and away slopes in the lines of echoes throughout the
periods of activity, with perhaps a tendency for more away
slopes at the beginning of the night prior to 0030 UT (2030
AST) and a tendency toward more toward slopes after that

time. Although lines of echoes are evident after 0200 UT
(2200 AST), QP structure is more difficult to discern in the
last period of activity.
[18] The ISR RTI for the night of 1 July is shown in

Figure 10. At the beginning of the evening, the electron
densities in the upper panel show three layers, a strong layer
above 110 km and two weaker layers below 105 km. By
2230 UT, there are two strong layers. After 0130 UT, there
are four distinct layers, one strong layer near 110 km and
three weaker layers below 105 km. The data on 1 July were
taken with a single beam direction, instead of the dual-beam
setup used on 14 June and used a double pulse mode so that

Figure 8. Map showing images obtained from the analysis of the coherent scatter measurements on 14
June 2002. The image in the figure corresponds to 0059 UT (AST + 4 hr).

Figure 9. Coherent scatter radar RTI plot for the observations on the night of 1–2 July 2002.
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radial velocities could be measured. The velocities are
shown in the lower panel of Figure 10. Velocity measure-
ments are only possible when there are good signal-to-noise
ratios, but motions show a pattern of alternating upward
and downward motions, indicated by the color scale,
corresponding to the displacements seen in the enhanced
electron density layers. The period of the oscillations is
approximately 5 min in the early part of the night, decrea-
sing to a few minutes later in the night.
[19] The image analysis can be applied to the CSR data to

generate movie sequences that show the location and
motion of the scatterers, as was done with the 14 June data.

Three image frames are shown in Figures 11, 12, and 13. In
the first image at 2329 UT, four lines of echoes can be seen
over the western half of Puerto Rico. Although they are
aligned approximately in the same direction as those ob-
served on 14 June, i.e., west-northwest to east-southeast,
the motion of the scatterers was toward north-northwest, in
the direction opposite to that observed on 14 June. In the
second figure at 2342 UT, two lines of echoes are still
evident over the western part of Puerto Rico, but the echo
structure west of the island has become more extended in
the north-south direction. At this time, the two lines, which
are the remnants of the structure in the first image frame,

Figure 10. RTI measurements made with the incoherent scatter radar at Arecibo. The top panel shows
the pulse-to-pulse coherence. The lower panel shows the Doppler velocity with positive velocities
upward.

Figure 11. Map showing images obtained from the analysis of the coherent scatter measurements on 1
July 2002. The image in the figure corresponds to 2329 UT (AST + 4 hr).
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were still moving in the north-northwest direction, but the
structure further to the west was propagating eastward. In
the third figure at 0232 UT, the echoes cover a smaller
region and the separation between adjacent bands has
decreased. The slopes in the CSR RTI are difficult to
determine at this time and the sporadic E layer has become
broader in altitude extent and weaker, as shown by the
Arecibo ISR RTI.

2.3. 30 June 2002

[20] The CSR RTI for 30 June is shown in Figure 14. On
this night, there were strong QP echoes prior to 0100 UT
(2100 AST) but no discernible QP echoes later in the night.
The slopes again show a mixture of toward and away
directions throughout the period when the echoes were
present, and there is a change in slopes from predominantly
toward to predominantly away over a time of approximately
75 min. The ISR RTI, shown in Figure 15, shows only a
weak sporadic E layer with relatively low densities in
comparison with the layers on the two nights discussed
above. The image frame obtained from the CSR data, in
Figure 16, clearly shows that the echoes were located north

and west of Arecibo, outside the area sampled by the ISR,
which suggests that the layer may have been stronger and
that the vertical layer displacements occurred in that region.
This example shows that resolving and locating the echoes
within the illuminated volume is important in the interpre-
tation of the dynamics and electrodynamics associated with
the sporadic layers and QP echoes. A simple RTI, such as that
in Figure 14, would be difficult to interpret by itself when
compared to the ISR measurements. The radar imaging
results help to clarify the apparent discrepancy however.

3. Discussion and Conclusions

[21] In an earlier study, Miller and Smith [1978] also used
the Arecibo 430-MHz ISR in an azimuth scanning mode to
study the structure in sporadic E layers. Their scans were
more restricted in azimuth, but the structure was similar to
that seen in our observations. In particular, the horizontal
scans in their study (see, e.g., their Figure 2) showed
layering similar to that presented here and structures in
the layers that were reminiscent of Kelvin-Helmholtz billow
structure. Miller and Smith [1978] concluded that shear

Figure 12. Map showing images obtained from the analysis of the coherent scatter measurements on 1
July 2002. The image in the figure corresponds to 2342 UT (AST + 4 hr).

Figure 13. Map showing images obtained from the analysis of the coherent scatter measurements on 1
July 2002. The image in the figure corresponds to 0232 UT (AST + 4 hr).
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instabilities in the neutral flow in the lower E region, and
the associated billow structure were most likely responsible
for the features that were observed.
[22] Another earlier study that is relevant here is the one

by Riggin et al. [1986], which used azimuth scans obtained
with the Arecibo ISR, as well as a coherent scatter very
high frequency (VHF) radar located on St. Croix. The CSR
was used for interferometry but did not have the receiving
array required for the full imaging analysis that was applied
in our study. The results showed electron density structures

similar to those observed by Miller and Smith [1978] (see
their Figure 4, for example) and by us. In addition, the
scatterer centroid location obtained by interferometry from
the St. Croix radar showed a pattern in which lines of
echoes swept toward the radar and northward with increas-
ing time in one case (see their Figure 6) and toward the
radar and southward with increasing time in the other case
(see their Figure 9). Their observations were therefore
consistent with RTIs in which the echo line slopes were
toward the radar in both cases, although the actual north/

Figure 14. Coherent scatter radar RTI plot for the observations on the night of 30 June 30 to 1 July
2002.

Figure 15. RTI measurements made with the incoherent scatter radar at Arecibo. The panel shows the
pulse-to-pulse coherence.
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south motion of the scatterers was reversed. As we have
discussed in the previous sections, the imaging analysis
that was applied to our data showed both types of cases,
i.e., cases in which there was a southward propagation
velocity component and cases in which there was a
northward component. The horizontal scales and velocities
observed by Riggin et al. [1986] were also consistent with
the scales and velocities shown here.
[23] A more recent study by Rosado-Roman et al. [2004]

used a similar setup again, with a VHF coherent scatter
radar located on St. Croix to observe the E region volume
above Arecibo. Their observations also showed structure
that was consistent with that presented here.
[24] A number of studies of QP echoes have emphasized

the dominant propagation direction toward the southwest or
south-southwest. The study by Saito et al. [2005], for
example, discusses that aspect of recent observations during
the SEEK-2 campaign and also references many of the
earlier papers that dealt with the propagation directions for
the echo clusters. The preferred propagation direction has
been used as evidence to support the theory developed by
Cosgrove and Tsunoda [2004] that predicts a maximum
growth rate for waves propagating in the southwest direc-
tion. Our data set is too small for meaningful statistics,
but the imaging results show that, although the south-
southwestward propagation direction is found frequently
in the observations, other propagation directions are also
common. As we have shown in the examples presented
above, the direction in which the echo line structures move
varies in the course of a given night and at times there are
multiple structures moving in different directions at the
same time within the region covered by the CSR.
[25] On the night of 14 June, we were able to obtain

both the coherent and incoherent scatter radar data and
imaging and lidar optical data during a strong QP event. The
557.7-nm all-sky images during the night showed structure
in the airglow emissions with orientations, propagation
directions, and propagation speeds that were consistent with
those evident in the CSR imaging data. The green-line
emission is a neutral emission generally centered near
95-km altitude, i.e., near the lower boundary of the sporadic

E layer structures associated with the QP echoes. It is
unlikely therefore that the optical images will consistently
show the same structure as the radar, although there will
be times when the plasma structures are low enough to
overlap with the green-line emission layer. On 14 June that
was the case, at least during part of the night, and there
was a close correspondence between the neutral structures
and the echo structures during those periods. Since the
green-line emissions are associated with neutral processes,
the close relationship between the two types of structures
indicates that the plasma instabilities are ultimately driven
by neutral dynamics.
[26] The potassium lidar data from the same night also

suggests a neutral-driven process. The lidar measurements
extend to higher altitudes and show vertical displacements
that coincide with the vertical plasma displacements, but a
vertical potassium layer displacement was also observed
prior to the first ionization layer displacement. It therefore
appears that neutral processes created a series of oscillations
that were reflected in the vertical motion of the potassium
and that the plasma responded after the neutrals were set in
motion.
[27] As discussed by Larsen [2000], all of the sporadic E

layer observations that have included neutral wind profile
measurements have shown wind shears that were either
unstable or very close to instability in the Kelvin-Helmholtz
sense. The billow structure associated with the shear insta-
bility would have horizontal wavelengths and propagation
velocities that are consistent with the range of periods and
range rates that are typically found in coherent scatter RTIs.
This suggests that the QP structures can be seeded by the
neutral instabilities and that the source of energy for the
plasma instabilities is the neutral processes. The theoretical
results of Rosado-Roman et al. [2004] suggest that such a
process can work, as do the simulations by Bernhardt
[2002], which used a neutral Kelvin-Helmholtz instability
as the driver for the E layer electrodynamics, to show that
such a process could produce plasma structure consistent
with the observations. The measurements made during
the SEEK-2 experiment also support this point of view.
Because of an unusual rocket trajectory, the chemical tracer

Figure 16. Map showing images obtained from the analysis of the coherent scatter measurements on 30
June 2002. The image in the figure corresponds to 2355 UT (AST + 4 hr).
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used to measure the winds was deployed along a more
horizontal trajectory than is typically the case in the region
where the sporadic E layer was located. The trail showed
clear evidence of billow structure in the height range where
large wind shears were measured [Larsen et al., 2005]. Our
observations do not exclude the possibility that the insta-
bility in the work of Cosgrove and Tsunoda [2004] plays a
role in generating some of the echo structures that are
observed; indeed, it may account for the slight bias in the
observed propagation directions. The observations show,
however, that other processes associated with the neutral
dynamics are important and probably dominant in deter-
mining the orientation and propagation direction of the echo
lines or patches.
[28] The QP echoes that we observed were localized, both

horizontally and in the vertical. The echo structures often
covered only a fraction of the volume illuminated by the
CSR, so that the picture that emerges is one with larger
patches with smaller-scale periodic echo structures embed-
ded in those patches. As discussed in more detail by Hysell
et al. [2004], use of the loci of perpendicularity is not
sufficient to determine the altitude where the echoes orig-
inate. In that study, interferometry was used to show that the
coherent echoes on 14 June were located in a relatively
narrow range of altitudes that showed a general correspon-
dence to but not an exact relation with the loci of perpen-
dicularity (see their Figure 10 and 13). The observations
from the additional nights presented here are consistent with
those results in that the echoes appear to originate within the
altitude range of enhanced electron densities associated with
the sporadic E layer. In a recent study, Saito et al. [2006]
detected echoes above 120-km altitude that occurred when
QP structures were present, but the echoes were weak and
the source of the echoes is not completely clear since they
occur in an altitude range where the plasma densities are
expected to be small.
[29] The observations presented here also show a close

relationship between the uplift in the ionization layer
measured with the ISR and the occurrence of coherent
scatter echoes measured by the CSR.
[30] What is the source of the echoes then? In the early

papers on the QP echo mechanism [e.g., Woodman et al.,
1991; Tsunoda et al., 1994], the ordinary gradient drift
instability was discounted as a likely explanation because
the high conductivity parallel to the oblique magnetic field
lines will strongly couple locally stable and unstable
regions. The spatial resonance or special geometry require-
ments invoked in those early papers represented attempts to
get around the coupling problem. More recent papers by
Hysell et al. [2002a, 2002b], Seyler et al. [2004], and
Rosado-Roman et al. [2004] have shown, however, that
the simple picture is too limited and imposes unrealistic
constraints. For the strong coupling model, the large con-
ductivities parallel to the magnetic field B imply no varia-
tions along B and therefore wave numbers that are strictly
perpendicular to the magnetic field. An unstable layer that is
localized in height, however, requires that the wave number
spectrum has a small but finite component parallel to the
magnetic field lines. The studies cited above have shown
that such solutions are not only possible but that the small
parallel k component actually enhances the overall growth
rate. The range of wavelengths where such solutions are

possible is limited to a range with a large wavelength cut-off
because of the more effective vertical electrical coupling at
large spatial scales and a small wavelength cut-off due to
viscous damping (see discussion in the work of Rosado-
Roman et al. [2004], for example). This suggests therefore
that the initiation of the instability is the vertical displace-
ment generated by neutral atmosphere motions. The insta-
bilities then occur where the ionosphere is locally unstable
to gradient drift instability but with unstable modes that
have a small but finite parallel wave number component.
Since the components with a parallel wave number compo-
nent have a higher growth rate, the instabilities that are
localized in height are in fact also the instabilities that we
should expect to observe.
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