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Abstract. Multi-beam observations of the daytime ionospheric E-region irregularities and the so-called 150-km
echoes with the 47-MHz Equatorial Atmosphere Radar
(EAR) in West Sumatra, Indonesia (0.20◦ S, 100.32◦ E,
10.36◦ S dip latitude) are presented. 150-km echoes have
been frequently observed by the EAR, and their characteristics are basically the same as the equatorial ones, except
for an intriguing zonal asymmetry; stronger echoes in lower
altitudes in the east directions, and weaker echoes in higher
altitudes in the west. The highest occurrence is seen at 5.7◦
east with respect to the magnetic meridian, and the altitude
gradually increases as viewing from the east to west. Arc
structures which return backscatter echoes are proposed to
explain the asymmetry. While the strength of radar echoes
below 105 km is uniform within the wide coverage of azimuthal directions, the upper E-region (105–120 km) echoes
also show a different type of zonal asymmetry, which should
be generated by an essentially different mechanism from the
lower E-region and 150-km echoes.
Keywords. Ionosphere (Equatorial ionosphere; Ionospheric
irregularities) – Radio science (Remote sensing)

1

Introduction

Daytime radar echoes from meter-scale irregularities, which
occur between 130 and 170 km altitude in the equatorial
ionosphere, the so-called 150-km echoes, have been a puzzling phenomenon since Balsley (1964) discovered them
more than 40 years ago because there are no obvious free
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energy source at those altitudes. Kudeki and Fawcett (1993)
conducted high resolution observations with the Jicamarca
radar and showed that 150-km echoes have necklace-like
patterns in range-time-intensity (RTI) plots and that gravity
waves seem to play an important role in the generation of
150-km echoes. Understanding the 150-km echoes is important because the Doppler velocities of 150-km echoes represent the E×B drift velocities at F-region altitudes (e.g.,
Chau and Woodman, 2004). Although some models have
been proposed to explain the nature of 150-km echoes (e.g.,
Tsunoda and Ecklund, 2008), a source mechanism has not
yet been identified.
Until recently, 150-km echoes were only observed by
radars located within the equatorial electrojet belt and were
believed to be specific to the equatorial ionosphere. However, Choudhary et al. (2004) and Patra and Rao (2006) found
150-km echoes with the Gadanki radar in India (6.3◦ N dip
latitude), and Patra et al. (2008) found them with the Equatorial Atmosphere Radar (EAR) in Indonesia (10.36◦ S dip
latitude). Patra et al. (2008) showed that the vertical and
zonal drift velocities estimated from the multi-beam observation were consistent with the background daytime electric
field. The major difference between these low-latitude stations and the equatorial ones is that the geomagnetic field
over the low-latitude stations is connected with the F region
over the dip equator so that the F-region dynamo may affect 150-km echoes. Observations in the low-latitude location will continue to further our understanding of 150-km
echoes.
Anisotropy in the angular distribution of 150-km echoes
is also puzzling. Although the echoes are aspect sensitive
and have narrow spectral widths (<15 m s−1 ), their spectral
widths measured a few degrees off-perpendicular to B are
quite wide (>1000 m s−1 ) (Chau, 2004). Kudeki et al. (1998)
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Table 1. Experimental specifications used for the observations.
Parameter
Period
Beam directions, deg.
(Azimuth, Zenith)

Range, km
Range resolution, km
Interpulse period, ms
FFT points
Coherent integration
Incoherent integration
Pulse code
Operation mode
Time resolution, s

Normal

High resolution

10–16 Oct 2007
19–26 Nov 2007
2 Feb 2008
12–17 Dec 2007
20.8 E (135.0, 28.59) 12.4 E (150.0, 24.03)
12.4 E (150.0, 24.03)
5.7 E (165.0, 21.84)
5.7 E (165.0, 21.84)
0.2 W (180.0, 21.23)
0.2 W (180.0, 21.23)
6.1 W (195.0, 21.98)
6.1 W (195.0, 21.98)
12.9 W (210.0, 24.36)
21.7 W (225.0, 29.23)
35.0 W (239.9, 38.86)
90.0–219.6
1.2
1.6
256
8
5
8-bit complementary code
With ST
Without ST
344
82

conducted three-beam observations (vertical and ±14◦ in the
magnetic east-west plane) using a radar at Pohnpei (0.3◦ N
dip latitude). They showed that the echoes in the oblique
beams were stronger than those in the vertical one. Tsunoda and Ecklund (2000) indicated that the echoes in the west
beam have a larger intensity than those in the east beam. The
same feature can be seen in the results shown by Kudeki et
al. (1998) although they did not mention it. On the other
hand, Tsunoda and Ecklund (2007) used five beams (vertical, ±14.3◦ and ±29.5◦ in the magnetic east-west plane) and
showed that echoes from 14.3◦ east are stronger than those
from vertical and 14.3◦ west, but their altitude is not different
between three directions. They also showed that echoes from
±29.5◦ are very weak and concluded that 150-km echoes appear in a narrow range of zenith angles. Patra et al. (2008)
also showed the east-west asymmetry of 150-km echoes from
the initial results with the EAR: echoes in the east beam were
stronger than those in the west beam. After the report by Patra et al. (2008), the zonal asymmetry has turned out to be
a general feature in 150-km echoes. In addition, a different type of asymmetry has been seen in the upper E-region
(105–120 km) echoes observed simultaneously. The zonal
asymmetry of the 150-km and the upper E-region echoes observed by the EAR are discussed in the present paper.

2

Experimental description

The 47-MHz Equatorial Atmosphere Radar (EAR) in West
Sumatra, Indonesia (0.20◦ S, 100.32◦ E, 10.36◦ S dip latitude) has an active phased-array antenna system which allows rapid beam scanning on a pulse-to-pulse basis (Fukao
et al., 2003). It has a peak transmitting power of 100 kW and
Ann. Geophys., 27, 967–974, 2009
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Fig. 1. (a) Radar beam directions projected on the horizontal plane. (b) Latitude-altitude cross section of

Fig. 1. (a) Radar beam directions projected on the horizontal plane.
(b) Latitude-altitude cross section of 0.2 W and geomagnetic field
and 21.7W) and loci of perpendicularity at altitudes of 100 km and 150 km. Values in dB are peak power at
along a magnetic meridian. (c) Beam patterns of three directions
boresights relative to 0.2W. Contours are drawn every 1 dB.
(20.8 E, 0.2 W and 21.7 W) and loci of perpendicularity at altitudes
of 100 km and 150 km. Values in dB are peak power at boresights
relative to 0.2 W. Contours are drawn every 1 dB.
0.2W and geomagnetic field along a magnetic meridian. (c) Beam patterns of three directions (20.8E, 0.2W
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a one-way half-power beam width of 3.4◦ . We conducted
two experiments: one in October to December 2007 (normal)
and the other on 2 February 2008 (high resolution). Experimental specifications are shown in Table 1. Eight azimuth
directions (from geographic north) were chosen in the normal mode, and a zenith angle for each azimuth was set to be
perpendicular to B field at an altitude of 150 km. The angles with respect to the magnetic meridian are used to identify each beam (20.8 E represents 20.8◦ to the east from the
magnetic meridian). The normal mode was operated by alternating with stratosphere and troposphere (ST) observations.
One set of operations used two beam directions with pulseto-pulse steering and with an unambiguous Doppler velocity
of ±62.3 m s−1 . The ST observations were made between the
two sets (four beams) of observations and the next two sets.
ST observations were stopped in the high resolution mode
on 2 February 2008, and the number of beam directions was
www.ann-geophys.net/27/967/2009/
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reduced so that the time resolution could be improved from
344 s to 82 s. The radar beam configuration in the horizontal
plane and the latitude-altitude cross section for 0.2 W highlighting the geomagnetic field are shown in Fig. 1a and b,
respectively. The horizontal coverage of the eight-beam observations at an altitude of 150 km (100 km) is about 160 km
(100 km). The altitude range of 100–150 km observed by the
EAR maps to a range of 284–344 km over the dip equator.
Therefore, the E region observed by the EAR is directly coupled with the F region, which is different from radars located
at the dip equator such as Jicamarca and Pohnpei. Figure 1c
shows beam patterns for three directions and loci of perpendicularity at altitudes of 100 km and 150 km. Because of
the distortion of the beam pattern with a larger zenith angle,
peak power at boresights drops ∼0.8 dB relative to the central beam direction. However, the zonal asymmetry of echo
intensity shown in the next section is much stronger than that
expected from the differential gain in the beam patterns. The
asymmetry of the upper E-region echoes should also be of
relevance because the locus at 100 km passes within 1-dBdown contours for all directions.

3

Results

We observed 150-km echoes on 13 days out of 21 days of
observations made in the normal mode during the October–
December 2007 period (one day in October, seven days in
November, and five days in December), and also with the
high-resolution mode on 2 February 2008. All of them have
a distinct east-west asymmetry of 150-km echoes in echo intensity and altitude. The high resolution result is shown first,
and averaged features from the normal mode are shown later.
3.1

High resolution mode on 2 February 2008

Figure 2a shows RTI plots of signal-to-noise ratio (SNR) of
the backscatter echoes obtained by the high resolution mode
Fig. 2.be(a) Range-time-intensity
(RTI) plots of signal-to-noise
ratio (SNR)
of the backscatter
echoes obtained b
Fig. 2. (a) Range-time-intensity
(RTI) plots
of signal-to-noise
ratio
on 2 February 2008. Strong E-region echoes are seen
(SNR)
of
the
backscatter
echoes
obtained
by
the
high
resolution
the
high
resolution
mode
on
2
February
2008.
(b)
Time
variation
of
the
maximum
SNR
and
altitude of 150-km
tween 90 and 110 km altitudes, and typical 150-km echoes
mode on 2 February 2008. (b) Time variation of the maximum SNR
with a necklace shape are seen between 145 and echoes.
170 km
and altitude of 150-km echoes.
in all directions. Because the EAR location is far out of
the electrojet belt and the spectra of the E-region echoes
are wide (∼30 m s−1 ) compared to the mean Doppler veloccant changes in 0.2 W and 6.1 W. Solar and magnetic activity
ity (∼±10 m s−1 ), the echoes are essentially type-2 in nadid not change so drastically12
during the period. The asymture and hence can be regarded as arising from the gradimetry is unlikely to be due to any instrumental issues because
ent drift instability. Although the intensity of the E-region
the low altitude echo intensities are uniform across the four
echoes is uniform between the four directions, the 150-km
directions. Because the spectral widths of 150-km echoes in
echoes show a distinct east-west asymmetry, that is, strong
all directions are narrow (Patra et al., 2008), it is not likely
echoes in the east directions and weak echoes in the west
that these echoes come from an off-perpendicular direction
as shown by Patra et al. (2008). Figure 2b shows the time
(Chau, 2004).
variation of the maximum SNR and altitude of the 150-km
echoes. Interestingly, the echo intensity was drastically inIn order to see the small-scale structure of 150-km echoes,
creased (∼20 dB) between 11:00 LT and 13:00 LT in the east
the 150-km region is expanded in Fig. 3 (see also Fig. 2b).
directions (12.4 E and 5.7 E), whereas there were no signifiIt is clearly seen that SNR is modulated with a period of
www.ann-geophys.net/27/967/2009/
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Fig. 3. Same as Fig.
Fig. 2a
is expanded.
3. except
Sametheas150-km
Fig. 2aregion
except
the 150-km region is expanded.

5–10 min, especially in the east directions, which resemble the equatorial 150-km echoes (e.g., Kudeki and Fawcett,
1993). Furthermore, the echo altitude is also modulated, with
an amplitude of 10 km between 12:20 LT and 13:00 LT. The
modulation pattern seems to have propagated from the west
to east although the zonal drift velocity has a westward component (see Fig. 4). It may be possible that eastward propagating gravity waves passed through this region and modulated the altitude of 150-km echoes. Focusing on a relative
echo altitude between the four13directions, 150-km echoes appear at lower altitude in the east beam and higher altitude in
the west beam as compared to that of 0.2 W (nearly along the
magnetic meridian). For example, the central altitude of the
echoes at 12:00 LT is 152 km in 12.4 E and 158 km in 6.1 W.
The relative altitude difference at Pohnpei was also reported
by Tsunoda and Ecklund (2000) and can be seen in a figFig. 4. (a) RTI plots
of the
backscatter
echoes
by the high
resolution mode on 2
Fig. of
4. Doppler
(a) RTIvelocity
plots of
Doppler
velocity
ofobtained
the backscatter
echoes
ure of Kudeki et al. (1998), but higher altitude echoes
were
February
2008.
Positive
(negative)
Doppler
velocity
indicates
a
line-of-sight
motion
toward
(away from) the
obtained
by
the
high
resolution
mode
on
2
February
2008.
Positive
detected in the east beam in their cases.
velocity
indicates
a line-of-sight
motion
toward
EAR. (b) Zonal(negative)
and verticalDoppler
drift velocities
of 150-km
and upper
E-region echoes
derived
by the least-square
Figure 4a shows RTI plots of Doppler velocity of the
(away
from) the
EAR.deviation.
(b) Zonal and vertical drift velocities of 150method.
bars represent
standard
backscatter echoes obtained by the high resolution mode
onVerticalkm
and upper E-region echoes derived
by the least-square method.
14
2 February 2008. Positive (negative) Doppler velocity indiVertical bars represent standard deviation.
cates a line-of-sight motion toward (away from) the EAR.
Doppler velocities of 150-km echoes seem similar to the
upper part of the E-region echoes (100–110 km) but signif(100–110 km) altitude range for the 150-km (upper E-region)
icantly different from the lower E-region echoes. The zonal
and vertical (perpendicular to B) drift velocities of 150-km
echoes. Vertical bars represent the standard deviation. The
and upper E-region echoes derived from the line-of-sight vevertical velocities in the two regions show quite similar time
locities are shown in Fig. 4b. Velocity data with SNR over
variation, that is, an upward component of 0–10 m s−1 dur0 dB are averaged over 30-min time bins and the 145–165 km
ing the period and a downward shift between 12:00 LT and
Ann. Geophys., 27, 967–974, 2009
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Fig. 6.
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Maximum SNR of (a) 150-km, (b) upper E-region, and

Fig.
6. Maximum(c)SNR
of (a) 150-km, (b) upper E-region, and (c) lower E-region echoes averaged fo
lower
Fig. 5. RTI plots
of SNR
and Doppler
of the
backscatter
echoesof
obtained
by the normal mode
on
23 E-region echoes averaged for 13 days during the normal
Fig.
5. RTI
plots ofvelocity
SNR and
Doppler
velocity
the backscatter

different colors.
colduring the normalmode
modeobservation.
observation.Beam
Beamdirections
directions are
are represented
represented by different
November 2007.echoes obtained by the normal mode on 23 November 2007.
ors.

3.2
13:00 LT. As shown in Fig. 1b, the E-region observed by
the EAR is coupled to the 150-km region closer to the dip
equator. Therefore, it is reasonable that the vertical velocities
in both regions are controlled15by the same electrodynamics.
The velocity of the upper E-region echoes is a few meters
per second larger than that of the 150-km echoes. As ions
are unmagnetized below ∼120 km, the difference is probably
due to the line-of-sight component of the southward neutral
wind. In fact, the Doppler velocities below 100 km, where
the Doppler velocity is attributed to the neutral wind (Patra et al., 2007), have a negative component (away from the
radar) in all directions, which implies a southward neutral
wind throughout the region. The zonal drift velocities, on
the other hand, have a westward component in both regions,
but the variation is not so similar because the neutral wind
contribution to the zonal velocity is much larger than to the
vertical one.
www.ann-geophys.net/27/967/2009/

General features of E-region and 150-km Echoes

A typical example which represents the characteristics of
the E-region and 150-km echoes obtained during the normal mode observation is shown in Fig. 5. Three echoing
regions are discernible in these panels; a lower E region (85–
105 km), an upper E region (105–120
km), and a 150-km
16
region. Two general characteristics of 150-km echoes observed by the EAR are noted: (1) 150-km echoes occur intermittently with a period of 20–30 min, and (2) the 150-km
echoes observed by the EAR are narrower than in the equatorial cases and never seen as a multi-layer structure (e.g.,
Kudeki and Fawcett, 1993). In addition, 150-km echoes as
well as the upper E-region echoes show different types of
anisotropy, whereas the lower E-region echoes are almost
uniform in all directions. The upper E-region echoes are
the strongest in the easternmost beam and are monotonically
weakened as viewing from the east to west. On the other
Ann. Geophys., 27, 967–974, 2009
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Figure 7 shows occurrence rate profiles of radar echoes for
the 13 days. Echoes with SNR>−6 dB between 09:00 LT
and 15:00 LT are counted in an altitude bin of 5 km for each
beam direction. The occurrence rates at 90 and 95 km are
40–50% at all directions, whereas there is a distinct asymmetry above 100 km. At an altitude of 105 km, for example, 55.7% in 20.8 E, 51.6% in 12.4 E, 48.0% in 5.7 E, 31.7%
in 0.2 W, and below 30% at the four west directions. On
the other hand, the echo occurrence of ∼20% at 150 and
155 km altitudes in 5.7 E is the highest in the 150-km region.
The occurrence is still high in the adjacent directions (12.4 E
and 0.2 W) but fairly low in the easternmost direction, which
is different from the monotonic variation of upper E-region
echoes. Furthermore, the peak altitude gradually increases
from 150 km in 20.8 E to 165 km in 12.9 W. The zonal asymmetry has turned out to be a general feature of the 150-km
echoes as well as the upper E-region echoes observed by the
EAR.

Fig.
7. ofOccurrence
radar
echoes 09:00
of over
between
ig. 7. Occurrence
rates
radar echoes rates
of overof−6
dB between
LT −6
anddB
15:00
LT in each direction for

09:00
LTmode
and 15:00
LT in each direction for 13 days during the nor3 days during the
normal
observation.
mal mode observation.

4

Discussion

In the successive observations since Patra et al. (2008), 150hand, the 150-km echoes are the strongest in 5.7 E, and the
km echoes have been frequently observed by the EAR. The
altitude monotonically increases as viewing from the east to
zonal asymmetry is an intriguing characteristic found by the
west. It should again be emphasized that the asymmetry canEAR because its directional dependence is different from that
not be explained by any instrumental issues because of the
of the equatorial results (Tsunoda and Ecklund, 2000). The
uniform lower E-region echoes.
zonal asymmetry at Pohnpei might be related to a magnetic
declination angle of 6.5◦ . However, it is not the case for the
During the October–December 2007 period, 150-km
EAR because the declination angle is only −0.5◦ , so that the
echoes were detected on 13 days by the EAR. Figure 6 shows
radar beam configuration is almost symmetric in terms of a
the maximum SNR of (a) 150-km (140–180 km), (b) upper
magnetic meridian (Fig. 1c). Tsunoda and Ecklund (2000)
E-region (105–120 km), and (c) lower E-region (90–97 km)
proposed
a model that tilted sheetlike structures exist at two
echoes averaged over 30-min time bins for 13 days. Differdifferent
altitudes
in order to explain the zonal asymmetry
ent beam directions are represented by different colors. The
observed
at
Pohnpei.
They considered 150-km echoes as
SNR of 150-km echoes are the strongest in 5.7 E for most
coming
about
from
the
direct excitation of plasma waves by
of the period when 150-km echoes appear. It is noted that
a
linear
instability
due
to a local gradient of the sheetlike
the SNR difference between the three east directions (20.8 E,
structures
as
a
source
of
free energy. The wave vector of the
12.4 E and 5.7 E) is larger in the morning hours than in the afmost
easily
excited
mode
would be orthogonal to the mean
ternoon, and the SNR in 12.4 E becomes comparable to that
gradient,
so
that
radar
echoes
could be detected if the anin 5.7 E after 12:30 LT. As viewing to the west from 5.7 E,
gle between a radar beam and the gradient is close to 90◦ .
the SNR drops every 1–2 dB in each direction. The upper
ig. 8. A schematic model of 150-km echoes in the low-latitude region. Arcs indicate echoing regions which
Sheetlike structures with different tilt angles at two differE-region echoes show clear asymmetry before 10:30 LT as
turn backscatter echoes when radar beams are tangential. The thickness of the arcs represents the intensity
of
ent altitudes
could produce higher altitude echoes in the east
mentioned above, but the SNR in 20.8 E starts to decrease
ackscatter echoes
produced
onLT.
the arcs.
beam and lower altitude echoes in the west beam. The sheetafter
10:30
Interestingly, the decrease does not occur silike nature of 150-km echoes was also suggested by Tsunoda
multaneously in all directions but one after another from the
and Ecklund (2008) based on Doppler velocity variations obeast to west. When the decreased SNR in 20.8 E reaches the
tained by a radar located at Christmas Island. Although the
value in the other direction, 17
the SNR in this direction also
concept of Tsunoda and Ecklund (2000) can be applied to
starts to decrease at the same rate as that in 20.8 E. The four
the EAR results by changing sheet orientations between two
eastern beams (0.2 W–20.8 E) have almost the same SNR valaltitudes, it cannot account for the asymmetry in eight-beam
ues at 12:00 LT, while the SNR in the western beams (6.1 W–
observations in which the altitude of 150-km echoes gradu35.0 W) are still smaller. Finally, the asymmetry in the upper
ally increases as viewing from the east to west.
E-region echoes disappears after 13:30 LT. The SNR of the
Based on Tsunoda and Ecklund (2000) and the asymmelower E-region echoes gradually decreases with time in all
try observed by the EAR, a new schematic model of lowdirections, but no significant asymmetry can be seen in the
latitude 150-km echoes is proposed in Fig. 8. This figure is
lower E-region echoes.
Ann. Geophys., 27, 967–974, 2009
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on a tilted plane perpendicular to B in which the B vector
points into the page. In order to explain the asymmetry observed by the EAR, the structures should not be tilted sheets
in two altitudes but arcs which bulge to the east. Arcs in the
figure indicate the regions which return backscatter echoes
and the thickness of the arcs represents the intensity of radar
echoes produced on the arcs. A radar beam is tangential to
a certain point of the arc (marked by a circle) where radar
echoes would be detected (Tsunoda and Ecklund, 2000). In
the case the arcs bulge to the east, east (west) beams are tangential to the lower (upper) part of the arcs. The fact that
the highest echo occurrence is seen in 5.7 E implies that the
lower part of the arcs can produce stronger echoes than the
upper part. Low echo occurrence in the easternmost (20.8 E)
and three west directions (12.9 W–35.0 W) means that the top
and bottom of the arcs would have small tilt angles and not
be tangential to these beam directions within the echoing region. Figure 8 could also apply to the asymmetry at Pohnpei
Fig.
8. Aofschematic
model
echoes
in the
low-latitude
re- regions whi
8. A to
schematic
model
150-km echoes
in of
the150-km
low-latitude
region.
Arcs
indicate echoing
(Tsunoda and Ecklund, 2000) by changing the arc Fig.
bulges
gion. Arcs indicate echoing regions which return backscatter echoes
the west and be consistent with the concept of tiltedreturn
sheetlike
backscatter echoes when radar beams are tangential. The thickness of the arcs represents the intensity
when radar beams are tangential. The thickness of the arcs represtructure proposed by Tsunoda and Ecklund (2008).backscatter echoessents
produced
on the arcs.
the intensity
of backscatter echoes produced on the arcs.
The high resolution observation on 2 February 2008, revealed some interesting features of 150-km echoes: the drastic enhancement of echo intensity between 11:00 LT and
17
free energy, gravity wave influence
may be supported by the
13:00 LT and the altitude modulation between 12:20 LT and
present
discussion.
13:00 LT. The altitude modulation occurred in all four direcThe fact that the zonal asymmetry of 150-km echoes in the
tions with the pattern propagating to the east, which seems
low-latitude
regions is not the same as that of the equator is
to be due to eastward propagating gravity waves with a peenigmatic
because
the other characteristics such as a neckriod of ∼20 min. The echo altitude changed from 154 km at
lace
shape,
a
gravity
wave-like modulation, and outward and
12:25 LT to 148 km at 12:45 LT in 12.4 E and from 158 km
westward
drifts
of
irregularities
are common. As the EAR
at 12:20 LT to 151 km at 12:40 LT in 6.1 W. Although the alis
located
out
of
the
equatorial
electrojet
belt but still equatitude of the echoes in 6.1 W went down as low as 151 km
torward
of
the
Sq
current
focus,
both
regions
are dominated
where strong echoes were observed in 12.4 E a few minutes
by
basically
common
electrodynamics.
The
differences
beearlier, the echo intensity did not vary significantly during
tween
the
two
regions
are
the
electrojet
current
at
the
equator
this period. It means that the enhancement of echo intensity
and the F-region dynamo effect in the low latitude. Howdid not occur at a certain altitude but was localized either
ever, the 150-km region over the dip equator is not directly
to the east side of the EAR or in the lower part of the arcs.
coupled with the electrojet region, and the F-region dynamo
However, it seems unlikely that the region with larger free
effect in the daytime is small because of high conductance in
energy, no matter what it is, stands only in the east side for
the E region. We need additional observations to investigate
two hours and never flows into the west side, because the
fine zonal structures in the equator and latitudinal structures
zonal distance between illuminated volumes at an altitude
of 150-km echoes.
of 150 km between the adjacent beams is only about 15 km
(Fig. 1a). The enhancement of free energy only in the lower
It is a new finding that daytime upper E-region (105–
part of the arcs, regardless of their altitude, may be related
120 km) irregularities in a low-latitude region also show a
to the tilt of the arcs. If gravity waves play an important
zonal asymmetry, which is not typical in the nighttime obrole in exciting 150-km echoes (Kudeki and Fawcett, 1993),
servations made by the EAR (e.g., Yokoyama et al., 2005).
gravity wave activity should also be enhanced during this peAlthough this region is coupled with 150-km regions closer
riod. When gravity waves pass through the 150-km region,
to the dip equator (Fig. 1b), the characteristics of the asyman angle between the phase front of gravity waves and the
metry are quite different. It is known that radar echoes from
arcs differs between the upper and lower parts of the arcs.
the equatorial electrojet show a zonal asymmetry such that
the echo intensity in the west beam is stronger than that in the
As expected from the altitude modulation mentioned above,
eastward propagating gravity waves could be dominant dureast (e.g., Cohen and Bowles, 1967; Patra et al., 2005), but
ing this period. In this case, free energy could be provided
this is opposite to the EAR results. The monotonic variation
by wind perturbation orthogonal to the gradient of the arcs.
of echo intensity in the upper E region implies a tilted sheetAlthough we still do not have an idea about the source of
like structure. Because the asymmetry disappears across the
www.ann-geophys.net/27/967/2009/
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different beams, one after another from the east to west, and
the SNR in 0.2 W (geographic south) becomes the same as
that in the eastern beams at 12:00 LT, it seems to be related
to the solar zenith angle. It is proposed that the upper Eregion irregularities should be generated by an essentially
different mechanism than the lower E-region irregularities,
but this needs to be investigated further.
5

Conclusions

150-km echoes have been frequently observed by the EAR
located in 10.36◦ S dip latitude since the first report by Patra
et al. (2008). A necklace shape, a gravity wave-like modulation, and outward and westward drift velocities are the same
features as the equatorial results, whereas the narrow and
single-layer structures may be specific to the low latitude.
A zonal asymmetry has turned out to be a general characteristic of 150-km echoes observed by the EAR. The highest
occurrence of 150-km echoes is seen in 5.7E, and the altitude gradually increases as viewing from the east to west. Its
directional dependence is different from the equatorial case
observed at Pohnpei. It can be explained by the arc structure
model shown in Fig. 8. The asymmetry of daytime upper Eregion (105–120 km) irregularities is also a new finding by
the EAR and needs further investigation. The source mechanism of 150-km echoes is still puzzling, however. The spatial structures of 150-km echoes studied in the present paper
can help a full understanding of the generation mechanism of
150-km echoes in the future.
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