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Abstract A close link between the atmospheric Intertropical Convergence Zone (ITCZ) and ionospheric
plasma bubble has been proposed since the last century. But this relationship has often appeared to be less
than convincing due to the simultaneous roles played by several other factors in shaping the global distribution
of ionospheric bubbles. From simultaneous collaborative radar multibeam steering measurements at
Kototabang (0.2°S, 100.3°E) and Sanya (18.4°N, 109.6°E), conducted during September-October of 2012 and
2013, we find that the total numbers of nights with bubble (i.e., occurrence rates) at the two closely located
longitudes (Kototabang and Sanya) are comparable. But interestingly, the total number of nights with locally
generated bubble (i.e,, generation rate) over Kototabang is clearly more than that over Sanya. Further analysis
reveals that a more active ITCZ is situated around the longitude of Kototabang. We surmise that the enhanced
ionospheric bubble generation at Kototabang longitude could be caused by a higher gravity wave activity
associated with the more active ITCZ.

1. Introduction

lonospheric plasma bubbles producing scintillations can seriously affect satellite-based communication and
navigation systems and are therefore of great practical interest. The bubbles, which mainly appear at
equatorial and low latitudes, are known to result from instability process driven by the Rayleigh-Taylor (RT)
fluid interchange mechanism [e.g., Kelley, 2009]. From earlier observations, we know that the evening
prereversal enhancement of the eastward electric field (PRE) may control the instability growth rate and
hence the global distribution of ionospheric bubbles [e.g., Kil et al., 2009]. However, the role of another
important factor responsible for the initiation of RT instability, the seeding source, is difficult to be identified
and therefore still not well resolved [e.g., Abdu, 2001].

Theoretical and observational studies showed that the two factors, atmospheric gravity waves (GWs) and the
PRE associated velocity shear, can act as seeds for the RT instability [e.g., Huang and Kelley, 1996; Hysell and
Kudeki, 2004; Abdu et al., 2009; Patra et al., 2013]. By analyzing the longitudinal and seasonal variations of
bubble occurrence and of the Intertropical Convergence Zone (ITCZ) indicated by the outgoing long-wave
radiation (OLR) map, McClure et al. [1998] proposed that GWs generated in the ITCZ could initiate the RT
instability and hence help explain the longitudinal distribution of ionospheric bubbles. Ogawa et al. [2006]
correlated the occurrence of GPS scintillation produced by plasma bubbles with the OLR black body tempera-
ture in the longitude region of 80-100°E and found that the correlation coefficients varied in the range +0.4.
Later, Tsunoda [2010] extensively studied the correlations between ITCZ and ionospheric bubble. He
suggested that GWs generated in ITCZ could play an important role in the development of bubbles during
solstice. However, a more recent work by Su et al. [2014] showed that the relationship was not seen except
at South American and African longitudes.

Due to the difficulty of identifying the bubble source location only with satellite in situ data, the longitude
where bubble was observed (occurrence rate), instead of the longitude where bubble was locally generated
(generation rate), was employed to investigate the correlation between the ITCZ and ionospheric bubble in
earlier works [e.g., Tsunoda, 2010; Su et al., 2014]. On the other hand, the GPS scintillation measurements over
a given station cover a wide longitude region of more than 10° (with elevation angle > 30°). These could
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produce mixed results while using different data sets since ionospheric bubble detected by satellite or GPS
scintillation receiver could have traveled zonally more than 1000 km from their source longitudes before they
are observed over any location [e.g., Fukao et al., 2006; Li et al., 2013a].

In this paper, we report the results from radar multibeam steering measurements simultaneously conducted
at Kototabang (0.2°S, 100.3°E, dip latitude 10.4°S) and Sanya (18.4°N, 109.6°E, dip latitude 12.8°N) during
September-October of 2012 and 2013, as part of a collaborative project to investigate the ionospheric bub-
ble generation and its relationship to the ITCZ in Southeast Asia. Radar beam steering measurements can dis-
tinguish freshly generated bubbles in the longitude where the radar is located from those generated
elsewhere that drifted into the radar beams [e.g., Yokoyama et al., 2004]. Importantly, the two stations are
separated only by 9.3° in longitude where the magnetic declination and the magnetic equator offset from
the geographic equator are almost the same, so that the PRE does not change much between the two long-
itudes as that shown in earlier studies [e.g., Batista et al., 1986; Vichare and Richmond, 2005; Kil and Oh, 2011].
The experimental results show for the first time that there exists an extremely large longitudinal variation in
bubble generation but not in bubble occurrence. The bubble generation over Kototabang is found to be
clearly higher than that over Sanya, whereas the bubble occurrence rates at the two stations are similar.
Possible factors responsible for the extremely large longitudinal variation of the bubble generation rates
are discussed.

2. Experiments

The Sanya VHF radar, with an operational frequency of 47.5 MHz and a peak power of 24 kW, can detect 3 m
scale irregularities that occur in the ionospheric E, valley, and F regions [Li et al., 2013b]. At Kototabang, there
are two VHF radars operated at 30.8 MHz and 47 MHz, respectively, for 5m and 3 m irregularities [e.g., Fukao
et al., 2006; Otsuka and Effendy, 2009]. The 47 MHz radar, i.e., the Equatorial Atmosphere Radar (EAR), has a
peak power of 100 kW and has a beam steering capability on a pulse-to-pulse basis that permits detection
of the spatial and temporal variations of the 3 m irregularities. Here we use the 47 MHz radar to investigate
the ionospheric bubbles over Kototabang.

During September—October of 2012 and 2013, the Sanya and Kototabang radars were operated with 5-beam
and 16-beam steering modes, respectively. Figure 1 shows the latitude-longitude locations and the beam
directions (for details, please see Table 1 of Li et al. [2013a]) of the two radars. Due to the magnetic field-
aligned characteristic of ionospheric bubbles [e.g., Otsuka et al., 2002], the two radars, located in magnetically
opposite hemispheres, can detect ionospheric bubbles generated around the magnetic equator that ascend
to high enough altitudes. Notably, the ionospheric area scanned by the Sanya radar is smaller than that
scanned by the Kototabang radar. For example, at an altitude of 300 km, the scanned areas by the two radars
extend to about 280 km and 360 km in east-west direction, respectively. Here we use similar east-west width
(as that indicated by shaded areas in Figure 1) to identify bubbles generated locally. It is evident from Figure 1
that the Kototabang radar can well distinguish the bubbles generated locally in the shaded area from those
drifting zonally on the basis of the westernmost/easternmost beam measurements. Note that the western-
most and easternmost beams of the Kototabang (Sanya) radar were not (were) included in the shaded area.
For the Sanya radar, if a bubble firstly appeared in the westernmost beam, the bubble could have two pos-
sibilities, generated locally near the westernmost beam or drifted from the western longitudes of the wes-
ternmost beam. On the basis of earlier multibeam steering observations that the initial generation of
ionospheric bubbles exclusively appeared around or before apex sunset during equinox [Yokoyama et al.,,
2004], if a bubble first appeared in the westernmost beam of shaded area before the apex sunset, the bubble
will also be regarded as a locally generated bubble.

3. Results and Discussion

Figure 2 shows an example of ionospheric bubbles (backscatter plumes) detected by both radars on 11
October 2012. The backscatter echo profiles obtained from three beams of Kototabang and Sanya radars
are shown in Figures 2 (left) and 2 (right), respectively. Over Kototabang, two bubble groups were observed
around 12.5 and 14.5 UT (labeled A and B). The bubble group detected by the Sanya radar around 15 UT is
labeled C. It can be noted that groups B and C appeared first in the westernmost beam and then in other
beams. This indicates that the two groups of bubbles were generated in the western longitudes of the radar
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site. They drifted eastward into and out of
the radar-scanned area. For bubble group
northward A, it was not detected in the west beam of
Kototabang radar. Earlier studies over
Kototabang and Sanya have suggested that
such a beam-dependent bubble structure is
generated locally around the longitude
650 km  Where the radar is located [e.g., Yokoyama
et al, 2004; Li et al., 2012]. The present case
of multibeam steering measurements
clearly shows that on 11 October 2012, a
locally generated ionospheric bubble was
only detected at Kototabang longitude
whereas zonally drifting bubbles were
observed over both stations.
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shown in Figure 3, there is a total of 97
nights with simultaneous Kototabang and Sanya radar measurements (left blue bar). Out of these, we found
65 and 56 nights in which ionospheric bubbles were observed over Kototabang and Sanya, respectively. It
is evident from the middle red and green bars that the bubble occurrence rates over the two stations
(near 100°E and 110°E) are close (67% and 58%), showing consistent result with previous satellite in situ
observations [e.g., Kil et al., 2009]. While considering bubbles generated locally over radar longitudes, a
significant difference is found between Kototabang and Sanya. As shown by the right red (green) bar, the
number of nights with locally generated bubbles over Kototabang (Sanya) longitude is 52 (27), correspond-
ing to the generation rate of 54% (28%). As a whole, the statistical analysis shows that the bubble generation
rate is significantly higher (by about a factor of 2) at Kototabang longitude than it is over Sanya, whereas the
bubble occurrence rates over the two stations are comparable.
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Figure 2. Height-time signal-to-noise ratio (SNR) plots of backscatter echo observed with (left) Kototabang and (right)
Sanya radars on 11 October 2012. The apex altitude over magnetic equator (red vertical axis) and apex (red curve) and
local (black curve) sunset terminators are superposed in each plot. The ionospheric bubble (backscatter plume) groups are
marked with A to C.
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Figure 3. The number of days with simultaneous Kototabang and Sanya
9 4 d Y VHF radar backscatter echo strength is

radar data (left bar), with bubbles (middle bar), and locally generated

bubbles (right bar) over Kototabang and Sanya longitudes during proportional to the square of the density
September-October of 2012 and 2013. The corresponding percentage fluctuations, so that freshly generated
rates are also shown. bubbles (which are more turbulent with

larger-density gradients) are more easily
detected by a radar than are the zonally drifting (mostly in decaying process) bubbles. Statistically, the back-
scatter echo strength of ionospheric F region irregularities at later hours of the night is generally weaker than
that of the freshly generated irregularities at postsunset hours [Otsuka and Effendy, 2009]. Therefore, if the
radar power difference could produce the different bubble generation rates, it should cause much more
difference between the bubble occurrence rates at the two stations. But that is not the case since the
occurrence rates of bubbles detected by Sanya and Kototabang radars are comparable (Figure 3). On the
other hand, we have also found several nights when locally generated bubble was simultaneously detected
at both stations or only detected over Sanya, for example, the case shown in Li et al. [2013a]. Based on these
considerations, it seems unlikely that the significant difference between bubble generation rates over
Kototabang and Sanya can be attributed to the power difference of two radars.

Another difference between the two radars may concern their slightly different magnetic latitudes. As a
result, an altitude of 300 km over Kototabang and Sanya corresponds to apex altitudes of ~520km and
~650 km, respectively (Figure 1). If a bubble rises to apex altitudes of 520-650 km at the magnetic equator,
it can be detected by Kototabang radar but may not be detected by the Sanya radar. This could cause a
difference of bubble generation rates between the two stations. Through analyzing the maximum altitude
of locally generated bubble (zonally drifting bubble) over Kototabang, we found that there are eight (nine)
nights when the altitudes are less than 400 km (~650 km in apex altitude). If the lower altitude bubbles over
Kototabang are not included in the statistical analysis, the bubble occurrence and generation rates will be
59% and 44%, respectively. In this way, the bubble occurrence rates at Kototabang and Sanya are nearly
the same (59% and 58%), but the generation rates (44% and 28%) differ between them, obviously.

On the basis of earlier observational and theoretical model simulation studies [e.g., Maruyama, 1988; Kelley,
2009], we know that there are three primary factors that need to be considered in the bubble development
process. These are (1) the PRE that raises the postsunset F layer to higher altitudes enhancing the growth rate
of the RT instability, (2) a seeding source in the form of perturbations in density and polarization electric field
needed to initiate the instability growth, and (3) meridional wind that can reduce polarization electric fields
and thus impact negatively on the instability nonlinear growth to form bubble irregularities.

For the present observations performed at two longitudes (Kototabang and Sanya) separated only by 9.3°,
the PRE could not vary much. For example, it is evident from earlier observations [e.g., Kil and Oh, 2011,
Figure 4] and theoretical model simulations [e.g., Vichare and Richmod, 2005, Figure 3] that the evening peak
vertical drifts at the two longitudes of 100°E (near Kototabang) and 110°E (near Sanya) are similar. Further, the
Communication/Navigation Outage Forecast System (C/NOFS) evening vertical drift measurements during
September-October of 2012 and 2013 demonstrate that the vertical drifts did not vary much in the
longitudes of 100-110°E (figure not shown here). These results indicate that for the current study, the PRE
is unlikely to cause any difference in the bubble generation efficiency/rate between Kototabang and Sanya
longitudes. As regards the meridional wind, the results obtained from the HWM93 (horizontal wind model)
model at the longitudes of Kototabang and Sanya are very similar (figure not shown here). However, we
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Figure 4. The longitudinal and latitudinal distributions of (left) mean outgoing long-wave radiation (OLR) and (right top)
occurrence rate of OLR (<205). (right bottom) The longitudinal variations of averaged occurrence rates of OLR (<205
and 190) within £5° magnetic latitude. The red and green bars show bubble generation rates over Kototabang and Sanya
longitudes, respectively.

cannot exclude the possibility that the wind from HWM93 might not represent the real situation. If the sig-
nificant differences of bubble generation rates were to be caused by meridional wind, it would require that
stronger meridional winds be more frequent around 110°E (Sanya) than at 100°E (Kototabang), for which
there is no evidence from observational or model studies.

We next investigate another factor, the seeding source. There are two types of sources that could serve as
seeds for instability growth leading to plasma bubble generation. One is GW propagating upward from its
generation source in tropospheric convective activity, which has long been hypothesized to seed the RT
instability in theoretical simulations [e.g., Huang and Kelley, 1996] and observational studies [e.g., Abdu
et al., 2009; Fritts et al., 2008]. The other has been suggested to be the velocity shear vortex that develops
during the PRE period [Kudeki and Bhattacharyya, 1999]. Theoretical model simulations have shown that a
velocity shear structure may be capable of seeding ionospheric bubble generation without requiring GW
[e.g., Hysell and Kudeki, 2004]. Both GW and PRE associated velocity shear can produce the large-scale wave
structure (LSWS) in the F region bottomside that has been demonstrated to be a necessary condition for
ionospheric bubble generation [e.g., Abdu et al., 2015; Tsunoda, 2015]. Using multi-instrument observations
simultaneously performed at Kototabang and Sanya, Li et al. [2013a] reported a case where ionospheric
bubble only appeared at Kototabang whereas satellite trace in ionograms indicative of LSWS was detected
at both stations. In fact the plume pattern over Kototabang showed the presence of smaller-scale size
structures (of the order of 50 km in east-west direction) imbedded in larger-scale sizes likely to be representative
of the LSWS. Thus, multiple scales of wave structures with associated polarization electric fields were
responsible for the generation of the entire plume patterns observed by the Kototabang radar. Based on these
results, Li et al. proposed that besides the LSWS, there could be additional wave structures further intensifying
the seeding process and helping/contributing to bubble generation over Kototabang. There is growing
evidence that these wave structures are driven by a polarization electric field induced by GWs [Abdu et al.,
2015], and hence, we may expect their sources to be located in the convective activity associated with ITCZ.

In earlier studies on the statistical correlation between ionospheric bubbles and ITCZ, the daily OLR values
were used [e.g., McClure et al., 1998; Tsunoda, 2010; Su et al., 2014]. Here we adopt a similar way as that used
in the earlier studies to investigate if there is any relationship between the significantly enhanced bubble
generation over Kototabang and the ITCZ. The interpolated OLR data obtained from the measurements of
NOAA 18 are used. The equatorial daytime crossing time of the satellite is 1355 LT. Gu and Zhang [2002]
reported that the ITCZ can be characterized with the OLR < 205 W/m?. Smaller values of the OLR may be
considered to be indicative of deeper convective activity. Figure 4 shows the distribution of the OLR during
September—October of 2012 and 2013 in Southeast Asia. The latitude versus longitude distribution of the
mean values of the OLR is presented in Figure 4 (left). Note that only the days with radar data are used.
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We note in Figure 4 (left) that a group of small OLR values is present around the Kototabang longitude.
At Sanya longitude, the area is dominated by relatively larger OLR values.

The OLR observations show that Kototabang is situated in a longitude of more active ITCZ, where deeper
atmospheric convection could occur. Correspondingly, GWs could be generated through the convective
system and propagate up to the thermosphere to induce ionospheric wave structure [Tsunoda, 2010]. In
the work of Su et al. [2014], the frequency of OLR occurrences was employed to represent the frequency of
GW occurrences. The wave structure, as mentioned above, can act as seeds of RT instability and thus lead
to ionospheric bubble generation. Tsunoda [2010] reported that the GWs generated close to magnetic
equator are more efficient in seeding the RT instability. Thus, we mainly focused on the OLR measurements
around the magnetic equator. The latitude versus longitude distribution of the occurrence rate of OLR (within
+5° magnetic latitude) is presented in Figure 4 (right top). We defined the OLR occurrence rate in each grid
(2.5° in longitude and latitude) as the number of days with OLR < 205 in each grid divided by the total
number of days (97). Figure 4 (right bottom) shows the longitudinal variation of the mean occurrence rate
of OLR within £5° magnetic latitude. Note that the OLR (<190) occurrence rate is also shown since Su et al.
[2014] suggested that a well-defined threshold of OLR (with lower values) would help to assure the GW
occurrence. It is evident from the panel that for both thresholds (190 and 205), the OLR occurrence rate is
clearly higher at Kototabang longitude than at Sanya longitude. Correspondingly, the bubble generation rate
(plotted as red and green vertical bars) is obviously higher over Kototabang than over Sanya, in excellent
agreement with the OLR occurrences. This high degree of consistency suggests that the enhanced bubble
generation at Kototabang longitude could be seeded by GWs originating from the more active ITCZ.
Specifically, under weaker PRE condition, the strength of seeding is expected to play a more important role
for initiating the bubble generation. Abdu et al. [2009] reported that for the PRE vertical drifts less than 30 m/s,
the amplitude of the seeding perturbation required for the plasma instability growth was larger when the
vertical drift was smaller. If the PRE associated vortex shear was not strong enough to seed the plasma
instability at the longitudes of Kototabang and Sanya, the upward propagating GWs that could be generated
more frequently in a more active ITCZ (near Kototabang longitude) might assist the seeding process and thus
enhance bubble generation. By differentiating the bubbles generated locally from those drifted from
elsewhere, we believe that our results indicate a close relationship between the enhanced bubble generation
and active ITCZ.

4, Conclusions

With simultaneous Kototabang and Sanya radar multibeam steering measurements during September—October
of 2012 and 2013, we have identified clear difference between bubble generation and occurrence rates over
Sanya longitude and obvious difference between bubble generation rates at the two closely located longitudes
(Kototabang and Sanya). The bubble generation rate over Kototabang was significantly enhanced compared
with that over Sanya, whereas the bubble occurrence rates at the two stations were comparable. Meanwhile,
the ITCZ in the longitude of Kototabang was more active (with a higher occurrence rate of low OLR value)
and more closely located to magnetic equator than that in Sanya longitude. Based on earlier theoretical model
simulation and satellite in situ observations of similar evening plasma vertical drifts over Kototabang and Sanya
longitudes, we surmise that the PRE was unlikely to cause any difference in the bubble generation rate between
the two longitudes. This, however, can be verified further with simultaneous observations of the PRE over the
two longitudes on a daily basis in the future. Under the assumption of similar PRE at the two nearby longitudes,
the enhanced bubble generation at Kototabang longitude could have been caused by a higher GW activity asso-
ciated with the more active ITCZ, where the GWs could provide the seeding source for bubble development.
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