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Abstract. For many years strong radar echoes coming from
140–170 km altitudes at low latitudes have been associated
to the existence of field-aligned irregularities (FAIs) (the so
called 150-km echoes). In this work, we present frequency
spectra as well as angular distribution of 150-km echoes.
When the 150-km region is observed with beams perpendic-
ular to the magnetic field (B) the observed radar spectra are
very narrow with spectral widths between 3–12 m/s. On the
other hand, when few-degrees off-perpendicular beams are
used, the radar spectra are wide with spectral widths compa-
rable to those expected from ion-acoustic waves at these alti-
tudes (>1000 m/s). Moreover the off-perpendicular spectral
width increases with increasing altitude. The strength of the
received echoes is one to two orders of magnitude stronger
than the expected level of waves in thermal equilibrium at
these altitudes. Such enhancement is not due to an increase
in electron density. Except for the enhancement in power, the
spectra characteristics of off-perpendicular and perpendicu-
lar echoes are in reasonable agreement with expected inco-
herent scatter spectra at these angles and altitudes. 150-km
echoes are usually observed in narrow layers (2 to 5). Bistatic
common volume observations as well as observations made
few kilometers apart show that, for most of the layers, there is
very high correlation on power fluctuations without a notice-
able time separation between simultaneous echoes observed
with Off-perpendicular and Perpendicular beams. However,
in one of the central layers, the echoes are the strongest in
the perpendicular beam and absent or very weak in the off-
perpendicular beams, suggesting that they are generated by
a plasma instability. Our results indicate that most echoes
around 150-km region are not as aspect sensitive as originally
thought, and they come from waves that have been enhanced
above waves in thermal equilibrium.
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1 Introduction

Relatively strong suprathermal signals from the upper E re-
gion (140–170 km) equatorial ionosphere are observed rou-
tinely during daytime hours over the Jicamarca Radio Ob-
servatory. Such echoes, called 150-km echoes, were first
reported byBalsley (1964) and later associated to field-
aligned irregularities (FAIs) byRøyrvik and Miller (1981)
andRøyrvik (1982). Very little attention was given to these
echoes until the very high-resolution observations were re-
ported byKudeki and Fawcett(1993). Besides the new char-
acteristics of the echoes,Kudeki and Fawcett(1993) sug-
gested the possible use of their radial velocities to measure
the equatorial F regionE×B drifts using low power systems.
The technique was later validated against simultaneous Inco-
herent Scatter Radar (ISR) drifts (Woodman and Villanueva,
1995), since then, 150-km echoes are being used to monitor
the equatorial daytime electric fields on routine basis (e.g.
Chau and Woodman, 2004; Anderson et al., 2004). Although
drifts from 150-km echoes are being used to diagnose the
equatorial ionosphere, their generation mechanism remains
unknown.

Until recently 150-km echoes were thought to be confined
to the equatorial electrojet (EEJ) region since they were ob-
served at other equatorial sites with similar temporal, alti-
tude and spectral characteristics to those observed over Jica-
marca (e.g.Blanc et al., 1996; Kudeki et al., 1998; de Paula
and Hysell, 2004; Tsunoda and Ecklund, 2004). Nowadays
we know that similar echoes are also observed at latitudes
outside the EEJ belt (India, Indonesia) at comparable alti-
tudes (e.g.Choudhary et al., 2004; Patra and Rao, 2006; Patra
et al., 2008). All of these observations have been made with
beams pointing perpendicular to the magnetic field (B), and
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Table 1. Parameters for perpendicular and off-perpendicular 150-
km experiments at Jicamarca.

Parameter Two-beam Bistatic

Date Dec 2004 Mar 2008
Effective IPP (km) 110 187.5
Nyquist (m/s) 2040 1200
FFT points 32 8000
Resolution (km) 0.75 0.75
Transmitter power (MW) 2 2
Rx Perp. Antenna 150 m×150 m 32 m×16 m
Mode Interleaved Simultaneous
Code Barker 7 Barker 13

therefore the echoes have been associated to FAIs. Moreover,
aspect sensitivity measurements using interferometry have
reported values between the EEJ and equatorial spread F
(ESF) aspect angles with values less than 0.1◦ (e.g.Fawcett,
1999; Lu et al., 2008).

Since 150-km echoes have been associated to FAIs, cur-
rent hypothesis have tried to find the free-energy source that
could generate the plasma irregularities (e.g.,Kudeki and
Fawcett, 1993; Patra and Rao, 2006; Tsunoda and Ecklund,
2004). So far none of the hypothesis are able to explain the
generation mechanism and to reproduce all the observations.
Moreover, 150-km echo features appear to be dependent on
longitude sector. For example, the signal strength of 150-km
echoes present a strong summer dependance over Pohnpei
(Tsunoda and Ecklund, 2004) while there is very little sea-
sonal dependence over Jicamarca (Chau and Kudeki, 2006a)
and Gadanki (Patra and Rao, 2007).

A surprising observation was reported byChau(2004). He
reported enhanced echoes around 150-km region but using
a beam pointing 1.83◦ off-perpendicular toB. The echoes
were strong and presented similar time and altitude depen-
dence to the usual 150-km echoes coming from exact per-
pendicular conditions, i.e., necklace shape with early morn-
ing descent and afternoon ascent, temporal modulation of
the echo intensity with periods between 5 to 10 min and or-
ganized in 2–4 thin layers (e.g.Kudeki and Fawcett, 1993).
Moreover the spectra were very wide, much wider than typ-
ical 150-km Perpendicular spectra, with widths correspond-
ing to velocities larger than 1000 m/s. Similar spectra charac-
teristics are expected from ISR spectra at these altitudes, but
not with the observed enhanced power (more than 10 dB). At
first, we thought that the echoes were coming from enhanced
density layers. Recall that in IS theory the power is propor-
tional to the electron density. In fact, to check this possibility
we carried out a Faraday rotation experiment, a method for
determining the absolute electron density profile that is in-
dependent of the scattering mechanism (e.g.Farley, 1969).
The results were negative (Woodman and Chau, 2005). In

addition, the lack of a reflecting layer at these altitudes in
corresponding ionograms, excludes this possibility.

In order to help the presentation and discussion of the
results below, it is important to recall that IS spectra ob-
tained from angles close to perpendicular toB present unique
shapes. At small angles around perpendicularity, the IS spec-
tra shape go from very narrow, controlled by the dynamics
of the gyrating electrons bound to the magnetic field lines,
to wide, controlled by the velocity of free streaming ions.
The transition occurs at a critical angle of∼0.334◦, where
the projection of the electron gyro-center thermal velocities
along the line of sight of the radar is comparable to the ion
velocity (e.g.Woodman, 2004). For angles slightly larger
than the critical angle, the IS spectra start to present simi-
lar shapes to so-called IS ion-line spectra observed at other
ISRs, i.e., wide spectra with two humps.

In this work, we present simultaneous measurements
of perpendicular and off-perpendicular (Off-Perp) 150-km
echoes using a two-beam and bistatic configurations. With
the two beams, the observed volumes are separated∼5 km
in the meridional direction, while using the bistatic system
both echoes come from the same volume. In addition, to the
range and altitude characteristics of the observed echoes, we
present the spectra shape of the off-perpendicular echoes as
well as the temporal and altitude characteristics of approxi-
mate spectral widths. Comparing the power measured with
the two-beam configuration, we present and discuss the new
aspect sensitivity results, this time using all frequency com-
ponents of the spectra. Finally, we discuss our results based
on the two type of 150-km echoes observed.

2 Experiments setup

We have used the Jicamarca incoherent scatter radar and a
second receiving antenna to observe both perpendicular and
the off-perpendicular 150-km echoes at 50 MHz. Such ob-
servations have been made using two configurations which
we call (1) the two-beam and (2) the bistatic, configurations.
A sketch of both configurations is shown in Fig.1.

For the two-beam configuration, we used one polarization
of the 300 m×300 m Jicamarca antenna to transmit and re-
ceive pointing perpendicular, and the other polarization to get
the off-perpendicular (1.83◦) observations. For both beams,
a two-antenna interferometer, aligned in the north-south di-
rection, using quarter sections was used on reception, em-
ploying the same polarization used for transmission. To
avoid aliasing of the frequency spectrum a short interpulse
period (IPP) of 110 km (or∼0.73 ms) was used. This con-
figuration causes range aliasing of F region ISR echoes on
the expected 150-km range gates, but with much lower am-
plitudes than the enhanced 150-km echoes. Furthermore,
to avoid cross-talk between beams, each beam was inter-
leaved every 34 IPPs (∼25 ms). The observed volumes of
the two beams were separated∼5 km in the North-South
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direction. For each beam, 2 MW peak power was used with a
coded pulse allowing an effective range resolution of 0.75 km
(see Table1). The back scatter radar aperture (ABS) dif-
ference between the two antenna beams was∼3.9 dB (Off-
Perpendicular minus Perpendicular). Such experiment was
conducted on 10 December 2004.

The bistatic experiment was conducted on 3 April 2008.
Again one of the main Jicamarca polarizations was used for
transmission and reception pointing at the off-perpendicular
direction (1.83◦), while a small antenna array consisting of
8×4 4-element Yagi antennas (∼32 m×16 m) was used to
receive echoes from the same illuminated volume. The small
array was located∼10 km south of Jicamarca, allowing the
bistatic Bragg scattering vector to point perpendicular toB
around the 150-km region. For all practical purposes, for the
bistatic configuration, both echoes, perpendicular and off-
perpendicular, came from the same volume. To avoid the
contamination of mountain clutter and improve the frequency
resolution of the spectra measurements, this time we used an
IPP of 187.5 km. The resulting spectra are frequency aliased
at the upper altitudes, but the measurements are good enough
to get qualitative characteristics of the off-perpendicular sig-
nal. The acquisition systems of both sites were synchronized
using the 1 pulse per second (PPS) from GPS receivers, al-
lowing a time synchronization with an accuracy of<30 ns.
The master oscillators of both systems were GPS disciplined
to synchronize them in frequency.

3 Results

As mentioned above, we have conducted two types of exper-
iments to observe perpendicular and off-perpendicular 150-
km echoes.

3.1 Two-beam results

In Fig. 2 we show altitude-time signal-to-noise (SNR) con-
tour plots for three signals obtained from the two-beam ex-
periment. In the top row we show the SNR contour plot of the
low-frequency component of the perpendicular data. To get
insight the low frequency information, we have coherently
integrated the data for∼0.05 ms. A similar procedure is typ-
ically used at other sites, given that 150-km echoes when ob-
served with perpendicular echoes present very narrow spec-
tral width (<20 m/s). In the middle row we show the SNR
contour plot of the perpendicular data, but this time using the
information of all the frequency components. To compare
the signal intensities of the echoes between off-perpendicular
and perpendicular beams, we have compensated the SNR
values of the perpendicular beam by the ABS ratio (i.e., we
have added 3.9 dB). Both contour plots show essentially the
same information, namely (a) four layers, (b) temporal mod-
ulations with periods between 5–10 min, (c) the third layer

B

JRO

Two-beam 

Tx/Rx JRO (Perp) 300m x 300m

Tx/Rx JRO (Off-Perp) 300m x 300m

Bistatic 

Tx/Rx JRO (Off-Perp) 300m x 300m

Rx Cervatel (Perp) 32m x 16m

Cervatel
10 km

Fig. 1. Experiment configuration. (a) The two-beam configu-
ration uses two independent beams from Jicamarca to point per-
pendicular (dark red) and off-perpendicular (blue), respectively.
(b) The bistatic configuration uses one Jicamarca beam to point
off-perpendicular (blue) and simultaneously a beam from Cervatel
(ligh red) is used for reception. The combined Cervatel-Jicamarca
link points perpendicular toB at 150-km altitude. The separation
between sites is∼10 km.

(from top to bottom) is wider than the other layers, and (d)
the strongest echoes come from the third layer.

The bottom row in Fig.2 shows the SNR contour plot for
the off-perpendicular data using all the frequency bins af-
ter using a 3-point median filter. This filter removes possi-
ble perpendicular echoes coming via antenna sidelobes. The
off-perpendicular SNR plot shows (a) four layers, (b) tem-
poral modulation with periods between 5–10 min, (c) the
third layer is narrower than the upper two layers, and (d) the
strongest echoes come from the upper two layers.

Comparing the perpendicular and off-perpendicular SNR
results, we find that:

1. There is an excellent correlation of signal fluctuations
between perpendicular and off-perpendicular echoes of
layers 1, 2 and 4. Using 25 s resolution, we were not
able to find a time difference between the occurrence of
both echoes, even though they are separated∼5 km in
the North-South direction.
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Fig. 2. Signal-to-noise ratio (SNR) contour plots for the two beam
experiment conducted on 10 December 2004.(a) The low fre-
quency (LF) component of the perpendicular beam after coherent
integration,(b) using all the frequency bins for the perpendicular
signal, and(c) the off-perpendicular signal using all frequency bins.
The values are color coded with the color bar at the right of each
plot.

2. The perpendicular echoes are stronger in the third layer,
whereas the corresponding off-perpendicular echoes are
either weaker or absent showing a poor correlation with
the perpendicular echoes.

3. The perpendicular echoes on layers 1 and 2 present
comparable strength to their corresponding off-
perpendicular echoes.

To get more insight on the reliability of the results and the
peculiarities of the analyzed data, Fig.3 shows sample spec-
trograms from the data used in Fig.2, taken between 12:15
and 12:18 LT. The top row show the low-frequency spectra
components for the perpendicular data after coherent integra-
tion. Each spectrogram has been obtained after∼1 min aver-
aging. The middle row shows the spectrograms for the per-
pendicular data but for all frequency bins. Note the changes
in the radial velocity axis and the SNR color coded values.
Finally, the bottom row shows the spectrograms for the off-
perpendicular data. Again, we have used a 3-point median
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Fig. 3. Sample spectrograms for the signals used in Fig.2 for
four consecutive minutes. Each spectrogram has been averaged for
1 min. To display the spectrogram of the off-perpendicular signal,
we have used a 3-point median filter. The color code for the signal
intensity is displayed to the right of each row.

filter to avoid any possible perpendicular contamination com-
ing from antenna sidelobes. The blue background in the off-
perpendicular data are due to remnants of the range aliased F
region spectra that have not been completely removed.

The salient features of Fig.3 are:

1. The spectral widths of the low frequency spectra are less
than 15 m/s as reported in previous low power perpen-
dicular observations.

2. The low-frequency perpendicular echoes present wider
spectra in the third layer. Such apparent widening is due
to the signal leakage caused by the convolution with the
rectangular window (middle row).

3. The perpendicular spectrograms showing all frequency
bins show significant signal outside the “low frequency”
(LF) bin. As in the case of typical ISR radar spectra
over Jicamarca, such signature is expected for the en-
hanced 150-km echoes given that a finite beam is used
and not all the angles are pointing perpendicular, i.e.,
there are other angles being observed (e.g.Woodman,
2004; Milla and Kudeki, 2006).

4. The spectra of the off-perpendicular data are very wide.
The width increases with increasing altitude.
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As mentioned in the Introduction, the off-perpendicular ob-
servations reported byChau (2004) were surprising since
for many years the 150-km echoes were associated to FAIs.
Moreover, very small aspect angles were obtained using in-
terferometry. Those angles were between the EEJ and ESF
measured aspect angles (≤0.1◦) (Fawcett, 1999; Lu et al.,
2008).

In Fig. 4 we show the power ratio (Off-
perpendicular/Perpendicular) using the low-frequency
bins (top row) and all frequencies (bottom row) for the four
time periods used in Fig.3. The ratios have been corrected
by the ABS difference of 3.9 dB. The data for each time
interval are indicated with different symbols and colors. The
vertical dashed line indicates the value of 1. For those times
and altitudes where only signal in the perpendicular beam is
present, we have assigned them an arbitrary value of 0.001
just to differentiate them from those intervals when there are
not data.

Using only the low frequency bin information we see
smaller power ratio values than when all the frequency bins
are used, indicating that the echoes are more aspect sensi-
tive at low frequencies, similar to IS. In general, using all
the frequency bins, the power ratio increases with increasing
altitude, approaching a value around 1 at the upper altitudes
indicating that echoes are less aspect sensitive and close to
isotropic at higher altitudes.

3.2 Bistatic results

Now we present the results of the bistatic configuration.
Given that both data, off-perpendicular and perpendicular,
were taken simultaneously, we have used 8000 points to cal-
culate the spectra, allowing us to have a better identification
of the low frequency components. Namely, this time we are
not using coherent integrations to avoid frequency aliasing
when the low frequency components are analyzed. In this
case the low frequency components are composed of radial
velocity bins that are within±50 m/s. On the other hand,
for getting the off-perpendicular parameters, we are not us-
ing the low frequency components to avoid possible contri-
butions of perpendicular echoes coming from sidelobes.

In Fig. 5 we show altitude-time contour plots for the per-
pendicular ((a) SNR and (b) spectral width) and for the off-
perpendicular ((c) SNR and (d) spectral width) data. Note
that the each plot has its corresponding color bar. The spectra
of the off-perpendicular data are slightly frequency aliased
due to the longer IPP used than the one used in the two-
beam experiment, but we think the spectra are good enough
resolved as to get a qualitative idea of the their actual width.

The most important results of Fig.5 are:

1. The echoes are again organized mainly in four layers,
and present time modulations in power with periods be-
tween 5 and 10 min.
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Fig. 4. Power ratio values using the off-perpendicular and perpen-
dicular signals after correcting for the radar backscatter aperture dif-
ference. Small values indicate large aspect sensitivity. Values close
to 1 indicate isotropic scattering. The top/bottom row shows the re-
sults of the low/all frequency (“LF”/“All”) data. Different times are
indicated with different colors. Note that when there is only power
in the perpendicular beam, we are using a number of 0.001.

2. There is a strong correlation between off-perpendicular
and perpendicular echoes occurring in layers 1, 2 and 4
(from up to down).

3. As in the case of the two beam data, the third layer
present the strongest echoes on perpendicular but very
weak or no echoes in the off-perpendicular data.

4. The strongest perpendicular echoes are characterized
by a very narrow spectral width (see green section in
Fig. 5b). This result is consistent with the Pohnpei ob-
servations (Tsunoda and Ecklund, 2000), indicating that
turbulence is very weak at this layer compared to the
other layers.

5. The spectral width of the off-perpendicular data shows
clear altitudinal dependence, increases as altitude in-
creases. Moreover, the off-perpendicular spectral width
is independent of the power modulation observed in
Fig. 5.

With the bistatic configuration, we are able to detect only
Perpendicular echoes. Off-perpendicular echoes, including
those close to perpendicular, are not observed given that the
receiving antenna used is smaller than the one used in the
two-beam data (see Table1).
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Fig. 5. Bistatic altitude-time contour maps for(a) perpendicular
SNR,(b) perpendicular spectral width,(c) off-perpendicular SNR,
and (d) off-perpendicular spectral width for data taken on 3 April
2008. For the perpendicular plots, only low-frequency bins are
used, while for the off-perpendicular plots the low-frequency bins
are not used.

4 Discussion

WhenChau(2004) first reported the off-perpendicular 150-
km echoes, we expected to find the missing clue for solving
what some colleagues called the 150-km riddle. However,
the off-perpendicular observations bring more complications
to finding a single generation mechanism for both perpen-
dicular and off-perpendicular echoes. Definitely most of the
perpendicular echoes observed at Jicamarca are related to the
off-perpendicular echoes and therefore to their origin. But
there is clearly a layer (the third layer in the examples above)
that is uniquely distinct.

Before we start the discussion of the results of this paper,
we first summarize the important peculiarities of the region
where these echoes occur, i.e., equatorial 140–170 km day-
time ionosphere, most of them obtained fromSchunk and
Nagy(2000):

1. In this region occurs the transition between the domi-
nant molecular ions of lower altitudes [NO+, O+

2 , N+

2 ]
and F-region dominant atomic oxygen ion [O+].

2. Collisions with neutrals start to be less important as the
altitude increases.

3. Electron Coulomb collisions need to be consider for an-
gles close to perpendicular, i.e., for<3◦ (e.g.Sulzer and
Gonzalez, 1999; Milla and Kudeki, 2006).

4. At the magnetic equator, magnetic field lines around
140–170 km are mapped to both the north and south E
regions that are located outside the EEJ belt.

5. Intermediate layers are known to occur at these altitudes
but so far they have not been observed at equatorial re-
gions during the day.

6. Large electron to ion (and therefore neutral) tempera-
ture ratios are expected and observed during the day.

7. Maximum photoelectron production rate occurs around
150 km (e.g.Su et al., 1998).

8. Altitudes below 200 km are difficult to explore with ISR
techniques due to the presence of 150-km echoes, sub-
ject of this study, and other ionospheric irregularities
causing strong coherent echoes, like, EEJ, meteor head
and trails (e.g.Chau and Woodman, 2005; Chau and
Kudeki, 2006b).

9. Only a hand full of in-situ measurements have been per-
formed with rockets but the probes did not observe any
strong evidence for plasma irregularities (e.g.Prakash
et al., 1969).

Besides these characteristics, there are other features that
have been invoked in the past that could also be important,
but either they have not been observed or there are very few
observations. For example, there is very little information
about the neutral dynamics of this region (zonal and neutral
winds, tides, gravity wave activity, wind shears, etc.).

We first start with the discussion of the aspect sensitiv-
ity of 150-km echoes. As mentioned above, for many years
it has been thought that 150-km echoes were produced by
FAIs. Moreover, using interferometry aspect angles less than
0.1◦ were reported (Fawcett, 1999; Lu et al., 2008). From
our results, we know now that most 150-km echoes observed
over Jicamarca are not as aspect sensitive, since they can
be observed at off-perpendicular angles. Besides the off-
perpendicular results at 1.83◦, we have also observed the up-
per layer echoes as far as 5◦ (the maximum off-perpendicular
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Fig. 6. Normalized 150-km spectra from(a) Perpendicular, and(c) Off-perpendicular data around 168 km after 3-min averaging. The time
corresponds to the spectra shown in Fig.3. A normalized spectrum after 3-point median filter is shown in red, while the normalized to its
peak filtered series is shown in blue diamonds. In the second column we compare the normalized smooth spectra with a theoretical ISR
spectrum in orange (see text for details).

angle possible with the Jicamarca main array), results not
shown here.

So why the inconsistency with previous results? It should
be realized that previous measurements were performed with
beams perpendicular to B and only the low-frequency com-
ponents were observed. As in the case of ISR signals due to
gyrating electron control (magnetic field effects), the spectra
gets narrower as the radar pointing gets closer to perpendic-
ular, allowing the concentration of all the ionospheric signal
in the low frequency bins. Given the strong dependence on
pointing angle (Woodman, 2004; Milla and Kudeki, 2006),
the low frequency information is indeed very aspect sensi-
tive, so aspect sensitive thatWoodman(1971) used interfer-
ometry on ISR perpendicular data to measure the inclination
of the magnetic field. Therefore the results reported before
are true values but only for the 150-km echoes coming from
perpendicular. From our observations, except for the third
layer, 150-km echoes are not as aspect sensitive as previously
believed when all frequency components are considered.

In the case of echoes from the third layer, since they were
not observed with off-perpendicular beams, these echoes are
indeed very aspect sensitive and they could be as aspect sen-
sitive as observed using interferometry. Then, why are the

echoes of the third layer different than echoes from the other
layers? First, we discuss the wide spectra results.

In Fig. 6 we show 3-min averaged spectra obtained from
perpendicular and off-perpendicular signals. The spectra cor-
responds to cuts obtained from Fig.3 around 168 km. The
first column shows (a) the perpendicular, and (c) the off-
perpendicular averaged spectra. The normalized-to-the-peak
data are shown in black, while the 3-point median filtered
data are shown in red. In blue we present the filtered signal
normalized to its peak. This is particularly useful for the per-
pendicular data, so we can focus on the signal coming around
perpendicular without the enhanced low frequency compo-
nent. In the second column we compare the normalized fil-
tered data (blue diamonds) with a theoretical ISR spectra (in
orange). In all cases we are showing the normalization values
to the right of each figure.

For the theoretical ISR spectra we have used the procedure
described byKudeki and Milla(2006), weighting the spectral
contributions in accordance with the beam gain distribution.
To get the excellent agreement for both the off-perpendicular
and close to perpendicular data, we have used the follow-
ing values:Te=1200◦K, Te/Ti=2.0, 50% moleculars, 50%
[O+], and Ne=5×1011 m−3. The agreement is excellent,
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except for the small asymmetry between humps. Routine
ISR fits during standard off-perpendicular ISR experiments
at Jicamarca show excellent agreement with the daytime
measurements at these altitude (D. Hysell, personal commu-
nication, 2008). Moreover, in Fig.5d, the off-perpendicular
spectral width increases with increasing altitude consistent
with the electron temperature dependence for these altitudes
and latitude regions. We can naively try to use 150-km off-
perpendicular spectra to diagnose this ionospheric region us-
ing the ISR technique, but without knowing the mechanism
behind these echoes, the obtained parameters could be erro-
neous as reported at high latitudes when a wrong theory is
fitted to the observations (e.g.Bahcivan et al., 2006; Saito
et al., 2000).

The spectra from the off-perpendicular echoes resemble
the ISR spectra expected at these altitudes, they are very wide
and show almost symmetric humps, but they are enhanced,
enhanced ion-line spectra. Besides the enhancement, these
echoes present layering and power modulation in time that
are not expected from thermal fluctuations. Are these echoes
generated by plasma instabilities? We are ruling out this
alternative for the enhanced ion-line spectra, since any ap-
proach to instability should be accompanied by a narrowing
of the spectrum as the poles of the dispersion equation ap-
proach and even crosses the imaginary axes of the complex
frequency plane.

At this point, we are inclined to explore mechanisms for
allowing the enhancement of the ion-line spectra either via
an amplification of the waves and/or by reducing the electron
damping. Moreover such mechanisms have to be related to
photoionization and photoelectron production. From previ-
ous and recent results there are three strong evidences related
to the dependence of 150-km echoes on photoionization: (1)
the necklace shape of the echoes as function of the time of
the day, indicating a solar zenith angle dependence consis-
tent with the photoelectron production dependence on solar
zenith angle (Schunk and Nagy, 2000); (2) during solar max-
imum conditions echoes occur at lower altitudes (2–4 km)
than during solar minimum conditions (following the work
of Chau and Kudeki, 2006a); and (3) during the strong X17
solar flare event of 7 September 2005, 150-km echoes were
observed to go down in altitude∼10 km (Reyes et al., 2006).

But how photoelectrons can enhance the ion-line spectra?
We do not have convincing arguments at the moment but
have two working hypothesis to pursue in the future: (1) di-
rect enhancement, or (2) an indirect enhancement. For the
former, we plan to explore the possible contribution of photo-
electrons to enhance the levels of the waves above the normal
thermal equilibrium value, rather than bringing the plasma
unstable (J. P. St. Maurice, personal communication, 2008).
For the latter, it has been recognized that suprathermal elec-
trons, such as photoelectrons, produced during the ionization
of neutral species by solar extreme ultra violet (EUV) radia-
tion can enhance ambipolar electric fields (Tam et al., 1995;
Su et al., 1998). These ambipolar electric fields combined

with fields from the E region (that are mapped via magnetic
field lines) could generate significant parallel electric fields
that in turn modify the velocity distribution of electrons at
the altitudes of interest.

At high latitudes it has been shown that non-Maxwellian
velocity distribution of electrons can increase the power of
the ion-line spectra by 2–4 dB using the same parameters use
for an assumed Maxwellian distribution (Saito et al., 2000;
Bahcivan et al., 2006). However, it is very unlikely that these
mechanisms will enhance the IS signal to the levels we are
reporting.

Another possibility to enhance the ion-line spectra would
be via the generation of Langmuir waves via photolectrons.
Lee (1981) predicted that the ion-line spectra at low fre-
quencies (50 MHz) would be enhanced strongly by the non-
linear interaction of intense unstable Langmuir waves. In
fact, Woodman(2004)’s approach to the IS problem shows
that the IS spectrum corresponds to the life time of an initial
value problem. In the case of IS, the amplitude corresponds
to the thermal level, but its behavior is the same as that of any
wave amplitude set by any other means.

Coming back to the question, why are the echoes of the
third layer different? Contrary to the 150-echoes showing
enhanced ion-line spectra, the echoes of the third layer ap-
pear to be produced by plasma instabilities, they only show
narrow spectra and are very strong. Moreover, these echoes
are most probably similar to the majority of echoes observed
with low power systems at other latitudes, where mainly one
layer is observed (e.g.Tsunoda and Ecklund, 2008; de Paula
and Hysell, 2004; Patra and Rao, 2006; Patra et al., 2008).
The other layers are usually not observed due to lower sen-
sitivity of the systems used. Multiple layers have been ob-
served at Pohnpei but they do appear weaker (Tsunoda and
Ecklund, 2000, 2007). The unique characteristic of this
common layer of irregularities might be its composition. If
somehow unusual strong concentration of metallic ions are
present, it could provide the longer life time (longer than
those expected from molecular ions) needed for an inter-
change instability (e.g.Kudeki and Fawcett, 1993; Tsunoda
and Ecklund, 2008).

Our observations indicate that both type of 150-km echoes
are being modulated by the same processes. Given the pe-
riodicities in power,Kudeki and Fawcett(1993) suggested
that gravity waves might cause those modulations. Whatever
is the mechanism that caused the enhanced echoes, gravity
waves or another process, modulate the amplification factor
and/or electron damping values.

We are aware that a careful quantitative analysis is re-
quired and we plan to do that in future efforts. More-
over, more observations are needed to determine the seasonal
dependence and characteristics of the two different types of
echoes.
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5 Conclusions

The main conclusion of our work is that, 150-km echoes are
composed of two different type of echoes: (1) those present-
ing similar spectra shapes similar to the expected IS spec-
tra at those altitudes, but with 1 to 2 orders of magnitude
enhancement (enhanced ion-line spectra), and (2) those pre-
senting very narrow spectra shapes and observed only with
beams pointing perpendicular toB. The latter might be
caused by plasma instabilities. From the two datasets pre-
sented, the majority of the echoes are enhanced. Both types
of echoes present similar temporal and altitudinal charac-
teristics (e.g. power modulations, layering organization), al-
though independent of their generation mechanism, they are
both modulated by the same processes.

A derived conclusion is that most 150-km echoes are not
as aspect sensitive as originally thought. Only when low fre-
quency components are observed, 150-km echoes are very
aspect sensitive with values less than 0.1◦ as reported by pre-
vious interferometric work.

Acknowledgements.We wish to thank D. Hysell and J. P. St. Mau-
rice for their insightful suggestions during different stages of this
work. The Jicamarca Radio Observatory is a facility of the Instituto
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