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On the linkage between mesospheric gravity waves and occurrence of equatorial
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In this paper, the linkage between the low-latitude mesospheric gravity waves and the equatorial plasma bubble (EPB)
have been investigated using simultaneously Rayleigh lidar and VHF radar observations from Gadanki (13.5°N, 79.2°E) and
ionosonde observations from Tirunelveli (8.7°N, 77.8°E) made between 2007 and 2009 when solar activity was undergoing a
deep minima. The two sets of observations have been analysed, each comprising of one case having EPB and another without
EPB observed on two nearby nights. Observations show that the occurrences of plume structures in the radar observations are
found to have a close link with the amplitudes of the short period gravity waves in the mesospheric temperature. It is argued that
such waves have an important role in seeding the Rayleigh-Taylor (RT) instability manifesting EPB.
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1 Introduction

Study of equatorial plasma bubble (EPB), which
manifests in the form of spread echoes in ionogram
(commonly known as equatorial spread F or ESF),
plume in radar observations, and depletion in 630 nm
airglow intensity measurements, is important not only
for studying plasma instability physics and neutral ion
coupling but also for their relevance in satellite based
communication and navigation systems'. As is
understood, the Rayleigh-Taylor (RT) instability is
the primary governing mechanism manifesting the
EPB and the post-sunset pre-reversal enhancement
(PRE) in the zonal electric field plays an important
role. A quasi-sinusoidal perturbation, however, is
required at the bottom of the F-region of the
ionosphere for seeding the RT instability due to the
slow growth rate of the RT instability. It has been
shown that upward propagating gravity waves, tides
and planetary waves play an important role in the
EPB occurrence®®. As far as the seeding by the
gravity waves is concerned, it becomes essential that
the gravity wave amplitudes at the mesospheric
altitudes should be large to overcome the viscous
dissipation so that they can propagate into the
ionosphere7'9. On the other hand, some of the studies
suggest that shear flow at the bottom of the F-region

can generate plasma structures providing necessary
seed for the excitation of plasma irregularities through
the RT instability, indicating that seed perturbation of
lower atmospheric origin (i.e. middle atmosphere) is
not always necessary'’. In addition, in the recent
years, significant attention has been paid in detecting
the large scale wave structures (LSWS) in the F-
region and in evaluating its role in seeding EPB''. In a
more recent study, Narayanan er al.'’ argued that
while the LSWS may play important role, the
importance of the short period gravity waves can not
be ignored. Further, in a recent work, based on the
simultaneous observations of mesospheric
temperature, E-region field-aligned irregularity (FAI)
drift velocity, and F-region FAI made from Gadanki
(13.5°N, 79.2°E, 6.5°N dip latitude), Taori et al."”
have shown a close correspondence between some of
the wave periods observed in mesospheric
temperature and E-region FAI drifts. Further, the
temporal spacing between F-region FAI structures
matched exceeding well with the wave periods in
mesospheric temperature and E-region FAI drifts".
These observations seem to strengthen the notion that
upward propagating gravity waves (as observed in the
mesospheric temperature) induced electric fields (as
noted in the E-region FAI drifts) when mapped to the
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F-region, provide necessary seed perturbation for the
growth of the RT instability at the F-region
manifesting EPB'*. As the F-region base height
during the low solar activity period is mostly below
300 km over the magnetic equator, a level which is
significantly lower than that during the high solar
activity"”, observations made from Gadanki provide a
unique opportunity to examine the role of gravity
waves in seeding the RT instability over the magnetic
equator'®.

In this context, simultaneous observations made
using the Rayleigh lidar and the MST radar from
Gadanki (13.5°N, 79.2°E, 6.5°N dip latitude) and
ionosonde observations from Tirunelveli (8.7°N,
77.8°E, 1.1°N dip latitude) during 2007 and 2009 have
been analysed to examine the possible linkage
between the mesospheric gravity waves and the
occurrence of EPB. The two sets of observations have
been analysed, each comprising of one case having
EPB and another without EPB observed on two
nearby nights. These results are presented and
discussed in the light of current understanding on the
role of gravity waves in generating EPB.

2 Brief description of the experiments and data

Observations presented in this work were made
using the MST radar and the lidar located at Gadanki,
and an ionosonde located at Tirunelveli. Figure 1
shows a map with geographic and geomagnetic
coordinate systems displaying the locations of
Gadanki and Tirunelveli. It may be noted that
Tirunelveli is located in the close vicinity of the
magnetic equator. The two sets of observations have
been examined, one set made on 17 February and 20
February 2007 (geomagnetic Ap values are 9 and 2,
respectively) and another set made on 21 February
and 22 February 2009 (geomagnetic Ap values are 3
and 4, respectively). EPB was observed on 20
February 2007 in the first case and 22 February 2009
in the second case, as evident from the radar maps in
the form of plume structures.

2.1 MST radar

The radar observations of F-region FAI were made
using the MST radar at Gadanki'’. This radar is a high
power coherent pulsed Doppler radar, operating at
53 MHz with a maximum peak power-aperture
product of 3 x 10'"° Wm’. The radar antenna was
phased to form the main beam at 14.8° zenith angle
due magnetic north so that E and F-region echoes
arising from the FAI can be observed. Power spectral

data were collected online with height and time
resolutions of 2.4 km and 30 s, respectively, which
were processed offline to obtain signal-to-noise ratio
(SNR), mean Doppler velocity and spectral width.

2.2 Lidar

Temperature observations used here were made
using a high power lidar located at Gadanki'®. The
lidar uses a Nd-YAG pulsed laser that provides
0.5 Joule at 532 nm and a receiving telescope of
75 cm diameter. The received signals were sampled at
300 m resolution and photon counts were averaged
online for 250 s. The deduced temperature has an
accuracy of 0.5-1.5 K in stratospheric altitudes and
2-3 K at mesospheric altitudes'®. For the present
study, similar to the earlier study", a 3-point running
average has been made in time and 5 km height
averaging to smooth out short-term fluctuations and to
enhance the data quality at mesospheric altitudes.
Further, the temperature variations in the height range
of 70-75 km are used in the current study.

2.3 Ionosonde

The ionosonde observations used in the present
study were made using a Canadian Advanced Digital
Ionosonde (CADI)19 located at Tirunelveli. The CADI
consists of a transmitter, four receivers, and two sets
of antenna system. The transmitter antenna is a delta
antenna, and the receiver antenna array consists of
four dipoles arranged in the form of a square. The
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Fig. 1 — Geographic and geomagnetic coordinates of the

observational sites used in the present study (shown as star) (red
line represents the geomagnetic equator)
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transmitter unit is capable of operating in the
frequency range of 1-20 MHz with a peak power of
600 W. The pulse length is 40 us and samples are
taken at every 20 us proving a height resolution of
3 km. Echoes are received at 3 km resolution up to an
altitude of 1020 km.

3 Results

VHF radar observations corresponding to the case
1 are shown in Fig. 2. The left panel shows the height-
time-SNR map of FAI echoes observed on 17
February 2007 while the right panel depicts that of 20
February 2007. The white spaces represent data gaps
due to non-operation of the radar. On 20 February
2007, radar echoes appeared in the form of multiple
periodic plumes with large SNR during 2200-0000 hrs
IST and in the height region of 200-400 km. These
plume structures are known to be associated with the
plasma bubbles'?. The plume structures were found to
be temporally separated by ~ 0.5 h. On 17 February
2007, however, no such plume structure was
observed.

To study the atmospheric waves in the mesospheric
temperature, temperature observations made in the
height region of 70-75 km have been examined. In
order to derive the wave parameters, a simple best-fit
analysis has been performed on the time series of
temperature variation, which is obtained after
subtracting the mean temperature from individual data
points, as follows:

(l_¢1)]+A2 cOs[z(l_sz)]+A3 Coslz -

Y= Al Cos|m

n

17 Feb 07

HEIGHT, km

where, A; A, and Aj; are the amplitudes; 7; T, and
T3, the half periods; and @; @;and @; the phases at a
time, t, of the fitted waves. The choice of wave
components is based on the three most significant
periods obtained through Lomb-Scargle periodogram
analysis. The above best-fit model has been chosen to
obtain the wave periodicity, amplitude, and phase
because for discrete, unevenly spaced and under-
sampled data. Also the best-fit analysis is known to
provide better estimates and introduces lesser biases
than those of other methods™.

The top plot in Fig. 3(a), presented as filled circles
with connecting lines, shows the temperature
deviations (after subtracting the mean temperature)
obtained using the lidar observations corresponding to
70-75 km altitudes made on 17 February 2007.
Plotted together are the results of the above described
best-fit model (center solid lines) together with the
90% confidence levels (solid lines). It may be
mentioned that on this night, the mean temperature
was 205.4 K. The bottom plot shows individual wave
components as described in Eq. (1). It is evident that
on this night, temperature variability is dominated by
0.7+ 0.2h,0.5%+ 0.2 hand 1.2 + 0.3 h wave periods
with their corresponding amplitudes of 13 + 2.3 K, 7
+ 1.4 K and 3 = 1 K, respectively. Results obtained
for the observations made on 20 February 2007 are
shown in Fig. 3(b) in the same way as those shown in
Fig. 3(a). On this night, the mean temperature was
197.2 K. It is noted that the dominant wave
periodicity on this night are 0.42 £ 0.13 h, 10+ 1.4 h
and 0.8 = 0.2 h with their corresponding amplitudes of
11+£15K,7.5+£09 K and 6 = 0.98 K, respectively.
It may be mentioned here that the periods utilized in

TIME, hrs IST

Fig. 2 — Height — time variations of SNR associated with the F-region FAI observed by the Gadanki radar on 17 February 2007 (left

panel), and 20 February 2007 (right panel)
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Fig. 3(a) — (top) Mean temperature deviations corresponding to
70-75 km altitudes (filled circles with connecting lines) of 17
February 2007 lidar temperature data (solid lines plot the best-fit
results with 90% confidence bands); (bottom) Variation of
individual wave component utilized in the best-fit model

the best-fit model are the most significant in the data,
which was also verified through periodogram analysis
(not presented here). It may also be mentioned that by
ignoring one of these dominant periods in the best-fit
model, it is found that the y* values significantly
deviate from one, implying that best-fit model used
for the present analysis is quite reliable for the present
purpose.

VHF radar observations corresponding to the case
2 are presented in Fig. 4 in the same way as that of
case 1 (Fig. 2). The left and right panels show SNR
maps of radar echoes obtained on 21 February and 22
February 2009, respectively. In this case, plasma
plume structures were observed on 22 February 2009,
but they were confined to a narrow altitude region of
200-300 km unlike those observed on 17 February
2007 (Fig. 2). Despite this difference, one can note
the temporal separation between the plumes, which is
about 0.4 h. On 21 February 2009, no F-region
irregularity structures were observed.

Temperature observations corresponding to these
nights (21 and 22 February 2009) were performed in
the same way as those for 17 and 20 February 2007
(shown in Fig. 3) and the results are presented in Figs
5(a and b). The mean temperatures were 196.4 K and
196.2 K on 21 February and 22 February 2009,
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Fig. 3(b) — Height — time variations of SNR associated with the
F-region FAI observed by the Gadanki radar on 20 February 2007

respectively. Figure 5(a) shows the results
corresponding to 21 February 2009. On this night, the
dominant periods were 0.6 £ 0.05 h, 0.7 £ 0.2 h and
1.9 £ 0.3 h with amplitudes of 5.2 £+ 0.8 K, 5+ 0.6 K
and 45 £ 0.6 K, respectively. Similar analysis
performed on 22 February 2009 data, shown in Fig.
5(b) reveals the presence of waves with periods of 0.4
+ 0.1 h, 6 £0.8 h and 0.8 + 0.17 h and amplitudes of
16+32K,15+23 K and 12 + 1.4 K, respectively.

It may be important to mention that the vertical
wavelength of the short period gravity waves
presented in Figs (3 and 5), estimated from the
vertical profile of temperature obtained from lidar
observations (not shown here), was ~ 35 km. Similar
vertical wavelength was also obtained earlier for the
short period gravity waves'”.

To investigate the influence of the background
ionospheric conditions in the formation of EPB,
the base height of the F-layer has been examined.
Figure 6 shows the base height of the F-layer for the
four cases under consideration. The top panel
[Fig. 6(a)] shows the F-layer height movement for
first two cases (17 February and 20 February 2007).
Solid straight line parallel to horizontal axis in each
plot shows the duration of ESF occurrence in
ionogram. It is clear that on 20 February 2007, the F-
layer reached an altitude of ~310 km before the onset
of ESF. This height was substantially larger than the
base height of the F-layer observed on 17 February
2007 (~ 260 km at 1800 hrs IST). The base height of
the F-layer corresponding to the other two cases, i.e.
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Fig. 5(a) — (top) Mean temperature deviations corresponding to
70-75 km altitudes (filled circles with connecting lines) of 21
February 2009 lidar temperature data (solid lines plot the best-fit
results with 90% confidence bands); (bottom) Variation of
individual wave component utilized in the best-fit model

21 and 22 February 2009, are shown in Fig. 6(b). It
was noted that the base heights on both the nights are
nearly the same (~ 275 km). ESF, however, was
observed only on 22 February 2009.

4 Discussions

The observational results revealed that EPB/ESF
was observed when h’F was > 275 km and the
amplitudes of mesospheric gravity waves with wave
period of ~0.5 h were in the range of 11-16 K. The
observations also revealed that despite the fact that
wave amplitude of 0.8 h was 13 K on 17 February
2007, no EPB/ESF was observed when h’F was
260 km. Importantly, on the two nights when
EPB/ESF was observed, the temporal spacings of the
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Fig. 5(b) — Height — time variations of SNR associated with the
F-region FAI observed by the Gadanki radar on 22 February 2009

plumes and the gravity wave periods with large
amplitude (11-16 K) agreed extremely well. This
finding is in agreement with earlier suggestion that
gravity waves amplitude and generation of EPB may
be closely related™*’. While the present observations
indicate the possible role of gravity waves in seeding
EPB/ESF on the two nights, the height of the F-layer
possibly decides the pre-requisite condition whether
the seeding in question would eventually manifest in
EPB/ESF or not’. One issue that remains to be
addressed is the true linkage between the mesospheric
gravity waves and the seed perturbations at the
bottom of the F-region.

As far as the role of mesospheric gravity waves in
the EPB phenomenon is concerned, it is essential that
they should reach the base of the F-layer where the
seeding for the RT instability takes place. This
implies that the gravity wave, in question, should



TAORI et al.: LINKAGE BETWEEN MESOSPHERIC GRAVITY WAVES & EQUATORIAL PLASMA BUBLE OCCURRENCE 269

400 — ;

{—=— 17 Feb 2007 ]
3504—=— 20 Feb 2007 2
300'_ o ESF 20 Feb 2007 u
250 -fass e
200 - Ay,
150 - .

. sy ]

1= 100 T T T T T T T T (-)
i‘ 18 20 22 24 26 28
= 400 T T T T T

{—=—21 Feb 2009 1
3504 -« 22 Feb 2009 A
300 0

ESF 22 Feb 2009

250 —MW“ :

200 - :
150 - ]

A (b) J
100 ; - - - : |

18 20 22 24 26
TIME,hrs IST

Fig. 6 — Variation in the base height of F-layer for the February
2007 cases (top panel) and February 2009 cases (bottom panel)
(straight lines parallel to x-axis show the time of ESF occurrence
in ionosonde data)

have large enough vertical wavelength and they
should not undergo viscous dissipation in order to
maintain their amplitudes. The vertical wavelength
inferred for the short period waves was about 35 km,
which does not appear to be adequate to reach the F-
region un-attenuated. Assuming that there were
genuine difficulties for these waves to propagate
directly to the F-region (although there is no
experimental evidence), there lies another way
through which these waves would still be effective in
the EPB formation process. The alternate way, which
is believed to be the case here, is the propagation of
these waves to the E-region and manifesting there in
the form of polarization electric field"'*'%*,
Considering that the present observations were made
from Gadanki, a location of low magnetic latitude
(6.5°N), the potential of mapping of such polarization
electric fields along the magnetic field lines up to the
equatorial F-region and seeding the RT instability is
quite promising'*'®. It may be recalled that the gravity

wave period under consideration is about 0.5 h and
for the vertical wavelength of 35 km, the horizontal
wavelength can be estimated using the linear
dispersion relation. For the above wave parameters,
the horizontal wavelength is estimated to be 175 km.
Now, assuming that the polarization electric field
associated with such gravity waves in the E-region
have the same horizontal wavelength, it is very likely
that such electric field can map without much
attenuation to the equatorial F-region. Also, the
horizontal wavelength of 175 km is very much
suitable for seeding the RT instability leading to the
formation of EPB. In an earlier study”, a close
correspondence has been found between the
mesospheric gravity waves and the E-region FAI
velocity perturbations, supporting the notion that the
gravity waves could induce electric field in the E-
region. In this context, it may be worth considering
the temporal spacing of the plume structures observed
by the radar. As mentioned earlier, the temporal
spacing of the plumes was also about 0.5 h. Assuming
that the background zonal plasma drift is ~100 m s™,
one can roughly estimate the spatial spacing of the
plumes (representing bubbles) to be 180 km, which is
very much consistent with the horizontal wavelength
of the gravity waves observed at the mesospheric
height.

Having said that gravity waves could potentially
seed the RT instability for the generation of EPB, it is
important to examine the role of the F-layer base

height in the growth rate of the instability
(v =l%i, where, n, is the background electron
n oh Vin

density; g, the acceleration due to gravity; and v;,, the
neutral-ion collision frequency; and o0n/Oh, the
electron density gradient). As far as the role of the
F-layer base height is concerned, it comes in the form
of v;, in the growth rate. Since v;, decreases with solar
activity and the observations presented here
correspond to the solar minimum (i.e. during 2007
and 2009), the RT instability growth rate is expected
to be positive even for low h'F (Ref. 15).
Furthermore, low peak electron density prevailing
during the low solar condition would also help the
growth rate of the RT instability. Manju ez al.”*, using
ionosonde observations from Trivandrum, showed
that the threshold height of h’F for the ESF to occur is
225 km during the low solar activity. The observed
h’F values in the present study, however, were more
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than 225 km in all the cases. In fact, Abdu et al”!
clearly presented cases when h’F reached beyond 400
km, but there were no ESF. This underlines the need of
seeding for the RT instability to grow. The present
study, although is based on limited observations,
suggests that the gravity wave seeding in question is no
more a simple one. It may also be possible that the
large-scale wave structure (LSWS) help in making the
background condition conducive for the effective
seeding by the gravity waves. Further investigation,
based on a larger database than the one used here,
would be required to bring out the relative roles of
gravity waves and LSWS in the formation of EPB.
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