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Abstract

Characteristics of the intraseasonal oscillations (ISO) in the mesosphere and lower thermosphere (MLT) are investigated
using meteor radar wind observations from a South American, equatorial station, Sdo Jodo do Cariri (7.4°S, 36.5°W)
during 2008. A prominent ISO signature is observed during January-May in the period band approximately 40 to

70 days in the MLT zonal wind. In the lower atmosphere, a dominant ISO is observed in the period band approximately
30 to 60 days in the outgoing longwave radiation (OLR) (a proxy for convection), total columnar water vapor (a proxy
for tides), and zonal wind. Considerable high correlation of the 1SO between the MLT and lower atmosphere indicates
significant dynamical coupling between the lower and middle atmosphere during the observational period. The MLT-ISO
shows conspicuous downward propagation of the peak amplitude indicating the role of the dissipating upward
propagating waves for its generation. The amplitudes in the zonal wind of the dominant tidal components in the
MLT exhibit conspicuous ISO modulation. The eastward propagating waves and tides are surmised to be responsible
for communicating the 1SO signature from the lower atmosphere to the MLT. The origin of the MLT-ISO is believed to
take place in the lower troposphere, below 4 km. The MLT-ISO is believed to be the imprint of the lower atmospheric
Madden-Julian oscillation which travels eastward from the Indian Ocean-western Pacific Ocean to the present location.
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Background

The mean dynamical state of the equatorial middle atmos-
phere is significantly controlled by large-scale long period
oscillations, i.e., semiannual oscillations (SAO) and quasi-
biennial oscillations (QBO) (Burrage et al. 1996; Baldwin
et al. 2001; Guharay et al. 2014a). These oscillations show
downward propagation of their phases with altitude since
they are driven by deposition of energy from upward
propagating gravity waves, Rossby waves, Kelvin waves,
etc. due to wave-mean flow interaction. Convective pro-
cesses are believed to be the most important mechanism
for driving these waves which cause the strong SAO and
QBO in the stratosphere and comparatively weak oscilla-
tions in the mesosphere.

In addition to the aforesaid long period oscillations,
the equatorial lower and middle atmosphere wind ex-
hibits significant oscillations in the period range 20 to
100 days which are termed as instraseasonal oscillations
(ISO). The ISO was first observed by Eckermann and
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Vincent (1994) in the mesosphere and lower thermosphere
(MLT) zonal wind in the period range 10 to 100 days with
dominant periodicities in the bands approximately 60, 35
to 40, 20 to 25 days using medium-frequency (MF) radar
at Christmas Island (2°N, 157°W). They reported a striking
similarity of the observed ISO in the MLT with their tropo-
spheric counterpart, i.e., Madden-Julian oscillation (MJO)
as described by the earlier investigators (Madden and
Julian 1971, 1972). Later, Eckermann et al. (1997) fur-
thered the work with nearly 5 years of long-term data
and reported dominant ISO in the MLT zonal wind at
Christmas Island with periods approximately 60, 40,
and 20 days. They also found strong ISO modulation of
the gravity waves and diurnal tide.

The MJO in the equatorial troposphere is observed in
the zonal wind and rainfall which is driven by the convect-
ive anomalies transpiring in the regions near the Indian
Ocean and western and central Pacific Ocean (Madden
and Julian 1971). Large-scale convective anomalies are
generated over the tropical Indian Ocean and slowly
propagate with diminishing strength through the western
and central Pacific Ocean and later disappear in the
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eastern Pacific Ocean (Madden and Julian 1972). The
MJO can be interpreted as a mixed Kelvin and Rossby
waves near the source region and an eastward propagating
Kelvin wave away from the source (Madden and Julian
1994). The MJO feature in the zonal wind exhibits an out-
of-phase relationship in the lower and upper troposphere,
and it decays drastically above the tropopause (Madden
and Julian 1971, 1972). Signatures of the MJO were
also observed in the ocean heat flux and sea surface
temperature which was inferred as being a result of
interaction between the convective processes and large-
scale circulations in the troposphere (Jones et al. 1998).

Although the MJO is a large-scale feature in the equa-
torial tropospheric zonal wind, it cannot propagate verti-
cally upward to the MLT region due to its low phase
speed (Eckermann et al. 1997). Eckermann et al. (1997)
suggested that the MJO-modulated tropospheric convec-
tion causes similar modulation of the intensity of the
upward propagating gravity waves and nonmigrating
diurnal tide, and as these waves break/dissipate in the
MLT region, they drive intraseasonal variation in the
ambient wind. Kumar and Jain (1994) inferred that the
tropospheric Rossby waves responsible for the MJO in
the troposphere can propagate directly to the upper at-
mosphere. On the other hand, with global geopotential
height observations, Ziemke and Stanford (1991) ar-
gued that the upward propagating Rossby waves from
the tropical region travel towards midlatitude and re-
fract back to the tropical latitude near the stratopause and
imprint the ISO of 1- to 2-month periods over Indian
Ocean-western Pacific region. Recently, Niranjankumar
et al. (2011) found a signature of refraction of the tropical
ISO through subtropical stratosphere in course of propa-
gation from the lower to the middle atmosphere over an
Indian tropical station, Gadanki (13.5°N, 79.2°E) which
was supported by the most recent study by Guharay et al.
(2014b) utilizing observations from two low latitude
Brazilian stations.

Using the satellite-based high-resolution Doppler
imager (HRDI), Lieberman (1998) studied the MLT-ISO
in the zonal mean zonal wind at +20° latitude region and
found maxima at 121, 72, and 33 days. They reported
significant modulation of the gravity waves and tides by
the ISO supporting the earlier findings of Eckermann
et al. (1997). Using radar wind observations over Jakarta
(6°S, 107°E), Pontianak (0°N, 109°E) and Christmas
Island, Isoda et al. (2004) inferred that the mesospheric
ISO is not a feature of propagating disturbances; rather,
it is a variation of the zonal mean flow. They observed
clear ISO modulation of the MLT zonal wind and diur-
nal tidal amplitude implying an appreciable contribution
of the diurnal tide originating from the lower atmos-
phere to the MLT-ISO. They also found biennial vari-
ability in the ISO amplitude of the zonal wind and zonal
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amplitude of the diurnal tide. Using global circulation
model study, Miyoshi and Fujiwara (2006) showed im-
portant role of ultrafast Kelvin wave and diurnal tide
(migrating and nonmigrating) on excitation of the MLT-
ISO. Recently, Kumar et al. (2007) reported ISO in the
MLT zonal wind over the Indian sector, Tirunelveli
(8.7°N, 77.8°E) in two period bands approximately 50 to
70 days and 20 to 40 days which were consistent with
the observed ISO in the outgoing longwave radiation
(OLR) and water vapor, respectively. Rokade et al.
(2012) carried out a comparative study with radar wind
observations from two Indian low latitude stations and
found influence of the deep tropical convection on the
variability of the observed MLT-ISO. Most recently,
using 3 years of observations, Guharay et al. (2012)
showed existence of a dominant ISO in the period
range 20 to 100 days at Gadanki (13.5°N, 79.4°E) with
intermittent behavior in the troposphere, insignificant
amplitude in the stratosphere, and consistent variability
in the mesosphere.

Although a number of investigations of the ISO carried
out over Indian Ocean-western pacific sector (convective
anomaly source region) are available, observations from
the South American region (away from the sources) are
scarce. Recently, Rao et al. (2009) studied longitudinal
variability of the ISO using measurements over four equa-
torial stations located at different longitudinal sectors over
the globe including the present site, but the study did not
investigate the generation mechanism in detail. Therefore,
in our present paper, we have studied the characteristics
of the MLT-ISO at Sao Joao do Cariri (hereafter referred
to as Cariri) (7.4°S, 36.5°W), its correspondence with the
lower atmospheric counterpart, i.e, MJO, as well as the
possible generation mechanism for excitation in the lower
and middle atmosphere. It should be mentioned that the
most coherent ISO feature over various atmospheric
regions at the present station is found during early 2008
(not observed in other years), and hence, we have selected
the year 2008 for the present study.

Instruments and database

Meteor radar wind

The horizontal winds utilized for the present study are
obtained from a SKiYMET-type meteor radar installed at
Cariri. The radar operates at a frequency of 35.24 MHz
with pulse width 13 ps, peak power 12 kW, and pulse
repetition frequency 2,144 Hz. It employs one three-
element Yagi antenna for transmission. For receiving the
backscattered signal from the meteor trails, it uses five-
phase coherent two-element Yagi antennas aligned along
two orthogonal baselines with one center antenna common
to both. The radar is able to detect about 5,000 meteor
echoes per day to derive angular position, range, and
wind velocity components. The details of the derivation
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algorithm for estimating the horizontal winds can be
found in the paper of Hocking et al. (2001). For the
present work, we have used zonal and meridional winds
of temporal resolution 1 h and vertical resolution of 3 km
within the vertical range 81 to 99 km for the year 2008.
Daily mean winds estimated from the hourly values are
used for determining the ISO characteristics in the MLT.

ERA-Interim database

In order to estimate the ISO features in the stratosphere
and troposphere, we have utilized the ERA-Interim re-
analysis database (Berrisford et al. 2009) available at 0.5° x
0.5° latitude-longitude grid provided by the European
Centre for Medium-range Weather Forecasts (ECMWF)
during the observational period. For the present purpose,
we have used daily zonal wind at 37 pressure levels (1 to
1,000 hPa), i.e., 0 to 48 km altitude range at grid point
7.5°S, 36.5°W nearest to the location of Cariri. Data of
the total columnar water vapor (TCWV) at 7.5°S, 36.5°W
during the observational period are also utilized for
studying the ISO activity. Furthermore, 10-m zonal wind
is used as a proxy for surface wind (Foltz and McPhaden
2004) for the latitude range 10°N to 10°S and longitude
range 0 to 360°E.

OLR database

To investigate the convective activity during the ob-
servational period, we have utilized OLR data available
at 2.5°x2.5° latitude-longitude grid provided by the
National Centers for Environmental Prediction (NCEP) as
a proxy in the year 2008. Details of the OLR data can be
found in the available literature (Kalnay et al. 1996). OLR
data for the latitude range 10°N to 10°S and longitude
range 0 to 360°E are considered for the present work. The
closest available OLR grid point to Cariri is found to be
7.5°S, 37.5°W.

Methods

For studying the ISO in the lower atmosphere and MLT,
we utilized the standard wave analysis tools. These include
Lomb-Scargle periodogram, wavelet analysis, digital filter,
and cross-correlation analysis.

Results

In order to find out the ISO signature in the MLT winds,
we have estimated the Lomb-Scargle periodogram at
each altitude bin of the meteor radar-derived daily mean
zonal and meridional winds in the range 81 to 99 km in
2008 which are plotted in Figure la, b. The zonal wind
spectrum shows a very sharp amplitude peak near the
period approximately 30 to 32 days within the altitude
range 84 to 93 km. Another broad maximum of com-
parative lesser amplitude is found to be very prominent
near periods approximately 45 to 70 days below 90 km.
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Figure 1 Spectral amplitude obtained by the Lomb-Scargle
periodogram in the MLT. (a) zonal wind (m/s) and (b) meridional
wind (m/s) during 2008 at Cariri.

81

On the contrary, the meridional wind spectrum does not
show any significant peak within the ISO band implying
the existence of the ISO feature in the zonal wind only.
Therefore, in all the following sections, we will only
consider the zonal wind for detailed study of the ISO at
Cariri.

In order to look into the time variation of the domin-
ant periodicities of the ISO, we have estimated the wave-
let spectra in terms of the spectral power using Morlet
as a mother wavelet in the zonal wind. The wavelet
power spectra are adjusted by rectifying the frequency-
dependent bias similar to the method of Liu et al.
(2007). The analysis is performed for the mid-lower MLT
altitudes (81 to 90 km) since the observed spectral
components are found to be dominant in this range.
Figure 2a, b, ¢, d shows the adjusted wavelet spectra at
90, 87, 84, and 81 km, respectively. The bold lines in all
subplots denote 95% significance level. In addition to
small periodicities (<10 days), the spectra are domi-
nated by a period band centered at 20 days. Wavelet
spectrum at 81 km shows dominant component cen-
tered around the period approximately 30 days during
120 to 160 day of the year (DY). All the spectra show a
dominant common period band of approximately 40 to
70 days during the time span 1 to 120 DY. It can be
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Figure 2 Adjusted wavelet spectra of the zonal wind in terms of the spectral power (m?/s?/day). At (a) 90 km, (b) 87 km, (c) 84 km, and

noted that the central peak of this broad spectral band
moves from approximately 45 to 60 days (period) from
90 to 81 km implying a shift of the dominant ISO
period with the altitude. Another feature evident is shift
of the band center from approximately 50 DY at 90 km
to approximately 90 DY at 81 km indicating a promin-
ent downward phase propagation of vertical phase
speed of approximately 225 m/day. Therefore, the
spectra in the MLT clearly show the dominance of the
ISO in the period range 30 to 70 days.

To find the ISO features in the lower atmosphere, we
have calculated the adjusted wavelet spectra of daily
values of OLR (Figure 3a), TCWV (Figure 3b), ERA-
Interim zonal wind at 150 hPa (Figure 3c) and ERA-
Interim surface zonal wind (Figure 3d) at Cariri. The
OLR spectrum exhibits a significant peak at period ap-
proximately 30 to 40 days near 60 to 110 DY indicating

a considerable influence of convective activity on the
ISO. The small peaks of period less than 20 days found
at various times of the year are possibly due to Rossby
and/or Kelvin waves. The TCWYV spectrum shows a
dominant spectral peak of period approximately 50 to
60 days during the initial 120 DY. Since water vapor is
the most important atmospheric species producing tides
in the lower and middle atmosphere, there is an indication
of the tidal involvement in the observed ISO signature.
The zonal wind spectrum at 150 hPa (upper troposphere)
shows a clear peak near the period of approximately
40 days during 1 to 60 DY. The spectrum of the surface
zonal wind exhibits a dominant peak of period approxi-
mately 50 to 60 days during 30 to 120 DY. Therefore,
all the selected lower atmospheric variables indicate
prominent ISO signatures in the period band 40 to
60 days during initial 120 days of the year suggesting a
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Figure 3 Adjusted wavelet spectra in terms of the spectral power. (a) OLR (Wz/m"/day), (b) TCWV (kgz/m"/day), () ERA-Interim zonal wind
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good correspondence with the observed MLT-ISO in
the period range 30 to 70 days.

In order to characterize the vertical structure of the
ISO, we have shown the filtered profiles of the zonal
wind within the band 30 to 70 days in the MLT and
troposphere-stratosphere (TS) in Figure 4a, b. The fil-
tered zonal wind in the MLT shows maximum amplitude
near 60 DY in the mid and lower MLT. Subsequently,
the ISO amplitude shows a decay over time which starts
from the higher altitudes and progresses towards the
lower altitude with time and reaches lower MLT near
150 DY. The ISO activity re-intensifies at 90 km around
180 DY and remains relatively smaller during rest of the
year. The ISO in the TS shows appreciable activity near
the upper troposphere (10 to 17 km) consistent over the
year. The ISO activity is not prominent above the tropo-
sphere up to the stratopause most of the time except
during the span approximately 120 to 270 DY in the

upper stratosphere. The high ISO amplitude during 120
to 270 DY interval in the upper stratosphere is possibly
due to the downward propagation of the mesospheric
ISO. Unfortunately, we do not have observational data
in the mesosphere region (50 to 80 km) to verify this.

To compare the ISO behavior in the MLT and the
lower atmosphere, we have shown the filtered profiles of
the zonal wind at 81 km, OLR, TCWYV, and surface wind
within the 30 to 70 days band in Figure 5a. The surface
wind and TCWYV are scaled by a factor of 20 and 4, re-
spectively, for better clarity of the variation. The com-
mon feature is higher amplitude of all the variables
during 1 to 150 DY. Less coherence in the observed
phases of the ISO among various variables is due to the
difference in the spectral components within the se-
lected band. The cross correlation coefficient of the ISO
between the MLT and TS during the interval 1 to 150
DY is shown in Figure 5b using the same variables as
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Figure 4 Filtered zonal wind (m/s) in the period range 30 to 70 days in the (a) MLT, and (b) TS.
.

Figure 5a. The maximum cross-correlation coefficient is
found to be 0.79 between the zonal wind at 81 km and
TCWV with a lag of —32 days. Between the zonal wind
at 81 km and surface wind, it is around 0.72 with a lag
of -30 days. The correlation is found to be smaller (ap-
proximately 0.35) in between the zonal wind at 81 km
and OLR with a lag of -33 days. Therefore, high correl-
ation (>0.5) of the zonal wind at 81 km with the TCWV
may suggest a contribution of the atmospheric tides to the
lower and middle atmospheric coupling evident through
the ISO.

The relationship between the MLT-ISO and TS-ISO
with respect to altitude is further investigated by study-
ing the correlation between the filtered zonal wind in
the MLT (meteor radar wind) and TS (ERA-Interim
wind) during the interval 1 to 150 DY. Figure 6 shows
the vertical profiles of the maximum cross-correlation
coefficient in the TS obtained by correlating with MLT
zonal winds at 90, 87, 84, and 81 km individually. The

plot clearly shows maximum correlation values below
4 km, and the correlation generally diminishes with the
MLT altitude. Another evident feature is alternate en-
hancement (at approximately 10, 22, 33, 48 km) and
diminution (at approximately 15, 25, 40 km) of the cor-
relation coefficients with the TS altitude suggesting an
intermittent relationship of the ISO between the MLT
and TS.

In order to understand the lower atmospheric MJO
anomaly propagation characteristics, we have shown the
longitude-time profiles of the OLR and surface zonal
wind filtered spatially for wavenumbers 1 to 6 and tem-
porally for 30 to 70 days within the mean latitudinal
range of 10°N to 10°S in Figure 7a, b. The source region,
i.e., maximum MJO anomaly amplitude is found near 60
to 200°E which is dominant with larger longitudinal ex-
tent during the first 150 days of the year. Both the plots
show prominent eastward phase propagation of the MJO
anomaly with time. The estimated phase speeds near the
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(ERA-Interim zonal wind) at Cariri during 2008.

source region along the arrows shown in the plots come
out to be approximately 3.7 and 5.7 m/s for the OLR
and surface zonal wind, respectively. Therefore, the sig-
nature of the MLT-ISO in the present longitude sector
(323.5°E) can be conceived as being driven by the east-
ward propagating MJO anomaly originating from the
Indian Ocean-western Pacific Ocean with diminishing
amplitude. However, the amplitude at the present longi-
tude in both OLR and surface zonal wind is observed to
be significantly smaller than at the source region.

We have estimated the daily tidal amplitudes of the
diurnal, semidiurnal, and terdiurnal tides using the least
square fit method as described by Guharay et al. (2013a)
for the temporal span 1 to 150 DY. Further to elucidate
the possible role of the tides on the observed MLT-ISO,
we have calculated the Lomb-Scargle spectra of the daily
amplitudes of the diurnal, semidiurnal, and terdiurnal
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Figure 7 Filtered OLR and surface zonal wind. (a) Filtered OLR (W/m?) and (b) filtered surface zonal wind (m/s) within the spatial range 1 to 6

wavenmuber and temporal range 30 to 70 days.
A

tide. The tidal spectra in terms of the normalized power
at 90, 87, 84, and 81 km are shown in Figure 8a, b, c.
The diurnal tide spectrum shows prominent peaks near
38 to 55 days in addition to the dominant peaks near 12
to 22 days. The semidiurnal tide shows a dominant peak
near 25 to 30 days and an insignificant peak near 50 to
55 days. The terdiurnal tide shows significant peaks near
20 and 70 days which are smaller as compared to the di-
urnal and semidiurnal tides. Therefore, from the period-
ograms, one can note an evident tidal relationship with
the present ISO activity in the period band 30 to
70 days.

Discussion

The present study from an equatorial South American
station (away from the convective anomaly region)
reveals a prominent ISO signature in the period range
approximately 40 to 70 days in the MLT region during

January-May of the year 2008. The detailed study of the
ISO reveals its significant relationship with the lower
atmospheric MJO suggesting its origin at lower tropo-
sphere, and it should be mentioned that such relation-
ship is not prominent in the available limited dataset.
The ISO amplitude is found to be appreciable near the
upper troposphere, stratopause, and mid-lower MLT.
The ISO originating in the troposphere cannot propa-
gate directly up to the mesosphere due to their small
phase speed. The waves with higher phase speed origin-
ating from the lower atmosphere are modulated by the
ISO and carry their signature to the middle atmosphere.
As they break/dissipate in the middle atmosphere, the
ISO signature reappears in the mean flow variability. In
the MLT, we have found a shift of the peak period
towards lower values with altitude. In general, the high
frequency waves with higher phase speed can propagate
to higher altitudes as compared to their low frequency
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counterpart before they deposit their energy due to
breaking/dissipation causing the appearance of the high
frequency ISO at higher altitudes.

In the MLT, wavelet (Figure 2) profiles show clear
downward propagation of the ISO peak amplitude sup-
porting the notion of its generation by dissipation of the
upward propagating waves. With satellite-based HRDI ob-
servations, Lieberman (1998) observed prominent down-
ward propagation of the ISO in the MLT and he inferred
significant role of gravity waves in driving the ISO. The
observational results of the present study support the
inference of Lieberman (1998).

To look into the wave filtering by the background
wind, we have shown the mean zonal wind profiles at
Cariri averaged over the temporal span 1 to 150 DY in
the MLT and TS in Figure 9a, b. Evident from the plot is
the dominant westward wind implying preferential filter-
ing of the eastward propagating waves. The eastward

wind is observed only within the altitude range approxi-
mately 10 to 16 km. It should be noted that the filtered
profile (Figure 4) shows strong ISO feature near this
range which is most probably due to the dissipation of
the eastward waves. In the mesosphere, the eastward
propagating waves which are believed to produce the
ISO signature break/dissipate due to persistent convect-
ive and/or dynamical instability. Therefore, we can infer
that the eastward propagating waves, i.e., gravity waves,
nonmigrating tides, Kelvin waves, etc. are the most likely
drivers of the ISO at Cariri. Using long-term MF radar
observations from Tirunelveli, Sridharan et al. (2007) re-
ported strong ISO activity during the westward phase of
the zonal background wind consistent with the present
findings. In this context, it should be mentioned that
Madden and Julian (1994) suggested that the MJO could
be considered as eastward propagating Kelvin waves
away from the source region. In a very recent study,
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using meteor radar zonal wind observations from an
extratropical Brazilian station, Cachoeira Paulista (22.7°S,
45°W), Guharay et al. (2013b) found intraseasonal modu-
lation of the eastward propagating ultra-fast Kelvin wave
amplitude in the MLT.

Convection is the most important driver of the various
atmospheric waves in the lower atmosphere (Manzini
and Hamilton 1993; Hagan and Forbes 2003; Alexander
et al. 2006). Since the convective activity is modulated
by the ISO, the intensity of the convection-driven waves
is also modulated by the ISO (Eckermann et al. 1997).
Therefore, common intuition expects good correlation
of the ISO between the MLT and OLR (a proxy for con-
vection) since water vapor and surface zonal wind do ex-
hibit such a correlation (Figure 5b). On the contrary, our
observed result shows small correlation of the ISO be-
tween the MLT and OLR at Cariri. Such a discrepancy is

possibly due to the distant location of the present site from
the convective active source region and may imply its glo-
bal domination over the local convective condition. Most
recently, Guharay et al. (2012) reported less correlation be-
tween the OLR and ISO activity during certain times of the
three years observational span from an Indian station and
indicated some complex mechanisms which might influ-
ence the ISO characteristics besides convection.

We have found an indication of the atmospheric tides
to drive the ISO in terms of modulation of the water
vapor in the TS and tidal amplitude in the MLT. Since
the observed correlation between the MLT-ISO and
water vapor ISO is high (>0.5), we can infer that the
tides generated by water vapor heating and latent heat
release are the possible communicators of the tropo-
spheric ISO to the MLT at the present location. As the
observed ISO is most likely driven by the eastward
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waves, it is believed that the nonmigrating tides are
dominant in the present scenario. Eckermann et al.
(1997) concluded that the nonmigrating diurnal tide
modulated by the lower atmospheric convectively gener-
ated ISO can carry the ISO signature to the mesosphere.
Using numerical simulation, Lieberman et al. (2003)
showed that the nonmigrating diurnal tides generated by
the water vapor heating might communicate the tropo-
spheric variability to the upper mesosphere in the course
of their propagation. Isoda et al. (2004) found a domin-
ant role of the convection-driven nonmigrating diurnal
tide in the generation of the MLT-ISO. Kumar et al.
(2007) observed 20 to 40 day oscillations in the water
vapor at an Indian equatorial station indicating an im-
portant role of the tides towards driving the MLT-ISO.
Gurubaran et al. (2005) concluded that the nonmigrating
diurnal tide generated due to latent heat release of water
vapor associated with convection could dominate over
the migrating component to determine the long-term
behavior under certain conditions.

The correlation analysis between the MLT-ISO at
various altitudes in the radar zonal wind and TS-ISO in
the ERA-Interim zonal wind (Figure 6) suggests that the
source region of the MLT-ISO is below 4 km wherein
correlation is found to be maximum. Considerable
increase of the correlation coefficients at some altitudes
in the TS can be interpreted as enhancement of the ISO
activity due to vertically intermittent dissipation of the
propagating waves possibly due to local ambient dynam-
ical conditions which require further investigation and
could be pursued in our future study.

The estimated mean phase speed of the MJO anomaly
in the OLR and surface wind in the troposphere is found
to be 4.7 m/s in the Indian Ocean-western Pacific region
which is very similar to that demonstrated in previous
studies. Using OLR, wind, and temperature observations,
Hendon and Salby (1994) estimated the eastward MJO
anomaly phase speed approximately 5 m/s which is very
close to the present result. Recently, using OLR and
surface wind observations, Yu et al. (2011) calculated the
MJO anomaly phase speed to be approximately 4.7 m/s
resembling the present finding. Yu et al. (2011) investi-
gated the global propagation properties of the MJO, and
they showed eastward propagation of the MJO anomaly
signature from the Indian Ocean-western Pacific region
to the tropical Atlantic through Central America and
Panama. However, they did not find any appreciable
extension of the MJO over the South American region
during the temporal span of 2000-2006 although we have
found a very prominent ISO signature in the lower and
middle atmosphere in 2008 which may indicate interan-
nual variability of the MJO anomaly propagation extent
and the associated dynamics. In the present study, we have
found a plausible role of the eastward propagating waves
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for communicating the ISO signature from lower to middle
atmosphere as the lower atmospheric background wind
remains westward during January-May. It should be men-
tioned that during certain times of the year, there may be a
possible role of the westward Rossby waves coming from
the Indian Ocean region since the present observational
location lies close to the western Atlantic. Yu et al. (2011)
suggested that the westward propagating Rossby waves
could be strong enough due to interaction with the eastward
propagating MJO over the tropical Atlantic region dur-
ing boreal summer and fall. The westward propagating
dominant oscillations of period approximately 25 to
60 days associated with the West African monsoon can
influence the tropical Atlantic Ocean dynamics signifi-
cantly (Thorncroft et al. 2003; Sultan and Janicot 2003).

Conclusions

The present investigation from an equatorial South
American station, Cariri reveals a prominent feature of
the ISO in the MLT zonal wind during January-May of
2008 as well as a conspicuous relationship with the
lower atmospheric MJO signature indicating lower
atmospheric origin. The dominant period of the ISO is
found to be approximately 40 to 70 days in the MLT
zonal wind and approximately 30 to 60 days in the lower
atmospheric variables, ie, OLR, TCWYV, and tropo-
spheric zonal wind. Significant correlation of the ISO
between the TCWV and MLT zonal wind as well as
modulation of the tidal amplitudes in the ISO period band
may suggest a contribution of the atmospheric tides to the
existing ISO coupling of the lower and middle atmosphere.
The observed smaller correlation of the ISO between the
MLT zonal wind and OLR is possibly due to distant
location of the present site from the convective anomaly
region where the MJO is excited. The ISO amplitude is
observed to be significant in the upper troposphere, upper
stratosphere, and mid-lower MLT. The MLT-ISO shows
evident downward phase progression indicating upward
propagation of the dissipating waves responsible for its
generation. The high frequency waves with higher phase
speeds are surmised to dissipate at higher altitudes. The
eastward propagating gravity waves, Kelvin waves, and
nonmigrating tides are possibly responsible for driving the
ISO at Cariri. The eastward waves are supported by the
westward background wind during the enhanced ISO
activity period. The excitation of the MLT-ISO is believed
to transpire in the lower atmosphere, below 4 km. There
is an indication of the vertically intermittent dissipation of
the ISO-modulated propagating waves at certain altitudes
in the TS which may contribute to the MLT-ISO. The
MJO anomaly signature in the lower atmosphere is found
to propagate eastward from the Indian Ocean-western
Pacific Ocean to reach the present longitude sector
causing ISO activity in the tropical middle atmosphere.
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