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Abstract

This study presents the analysis of planetary waves (PWs) using daily mean wind velocities for four years (August 2013 to July 2017)
of continuous measurements using MF radar over the low latitude Indian region Kolhapur (16.8° N; 74.2° E). The MF radar at Kol-
hapur was upgraded in 2013. These are the first results of PWs after the upgradation of MF radar. The seasonal and intra-seasonal vari-
abilities of East-West (EW) traveling PWs in the MLT region have been studied. In the present work, the data was analyzed to study the
waves with various periodicities (e.g. 3-4, 5-8, 15-17, and 30-60 days). The 3.5 day [Ultra-Fast Kelvin (UFK)] wave shows semiannual
variability with burst like wave activity observed during the summer months and December solstice. In addition, it is observed to be
stronger in the spring equinoctial period. A strong semiannual oscillation (SAO) has been observed in a 6.5-day wave with peaks near
the equinoxes. Similar to SAO over the low latitude MLT region, the wave activity is stronger in April/May than in September/October.
The 6.5-day waves are observed to be stronger when the background mean wind is westward. From the analysis, it has been seen that the
period before and after the equinoctial period is favorable for the 6.5-day wave propagation. The 16-day wave has no significant seasonal
dependence; instead, the waves spread to almost all seasons. The Madden-Julian Oscillations (MJOs) have been observed to be propa-
gating with an average wind speed of ~ 5 m/s when the background mean wind is eastward. The occurrence of MJO is observed during
the summer and winter months. These results are the first of their kind in two aspects: first, they show the PWs with enhanced altitude
coverage covering up to 110 km, and second, they show the PWs not contaminated due to equatorial electro jet influence.
© 2022 COSPAR. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The presence of global scale disturbances superimposed
on circumpolar westerly winds is one of the most notice-
able features in the winter stratosphere of the Northern
Hemisphere (NH). The disturbances seem to be stationary
in nature (i.e., fixed to the Earth). It has been thought that
these disturbances are dynamically coupled with those in
the troposphere and are associated with the surface condi-
tion of the Earth (Matsuno, 1966; Reed, 1965, 1964; Reed
et al., 1963). These waves propagate upwards and transport
momentum and energy to the higher altitudes. As these
waves propagate to higher altitudes, their amplitude grows,
and at the same time, the waves are dispersed by mechan-
ical (Rayleigh) friction and other radiative processes. The
breakdown of the wave takes place as it grows in ampli-
tude, which generates turbulence (Vincent, 1984). The wave
is dissipated, momentum deposited and accelerates back-
ground atmosphere (Reddi and Ramkumar, 1995). The
planetary scale oscillations are of two types. The westerly
propagating Kelvin waves and easterly Rossby waves in
the lower stratosphere give rise to alternatively westerly
and easterly regimes, respectively (Holton and Lindzen,
1972).

The Kelvin waves are equatorially trapped, which trans-
ports the momentum towards the east in the middle atmo-
sphere. These waves are forced by latent heat release in the
form of large-scale convective clusters in the tropical tropo-
sphere. In the absence of mean wind shear, these Kelvin
waves are supposed to have a Gaussian structure with max-
imum amplitudes at the equator in the zonal wind, vertical
velocity, pressure, and temperature. And the amplitude
decays exponentially with latitude. Again, Kelvin waves
are broadly classified into distinct frequency bands as slow,
fast, and ultra-fast Kelvin (UFK) waves. These waves are
characterized on the basis of periodicity. The slow Kelvin
waves have periods of 10-20 days with a phase speed of
2040 m/s and a vertical wavelength of 10 km and were
first observed by radiosonde balloon in the lower strato-
sphere (Wallace and Kousky, 1968). The slow Kelvin
waves are characterised by wavenumber 1 having an east-
ward phase velocity of 2040 m/s and a vertical wavelength
of 10 km. The Kelvin waves are eastward propagating
zonal wavenumber 1 with a period of 10 days and a vertical
wavelength of 20 km. These waves have a phase speed of
50-80 m/s and are observed in the upper stratosphere with
rocketsondes (Hirota, 1978; Hitchman and Leovy, 1988).
The existence of ultrafast Kelvin waves is confirmed by
satellite remote sensing measurements with a zonal phase
speed exceeding 100 m/s and a 34 day wave period
(Garcia et al., 2005; Guharay et al., 2011; Lieberman and
Riggin, 1997; Salby et al., 1984; Sridharan et al., 2002).

The Rossby waves are westward propagating waves and
generally have discrete periodicities between 4 and 20 days.
For example, 5-8 days are referred to as 6.5-days, and 15—
17 days are referred to as 16-days. Theoretical studies on
the influence of non-uniform background wind fields on
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normal mode structures and periods of Rossby waves have
been made using numerical models. The 6.5 day wave is a
Rossby wave with zonal wave number 1 (s = 1) (Liu et al.,
2004; Talaat et al., 2001; Talaat and Yee, 2002; Yee et al.,
2001) having a vertical wavelength of roughly 50-80 km
(Talaat et al., 2001; Talaat and Yee, 2002) and propagating
vertically with decreasing phase with height (Yee et al.,
2001). The 16-day wave is westward propagating with
zonal wavenumber (Forbes et al., 1995; Luo et al., 2002
& references therein), maximum amplitude is found at
above 80 km (Jiang et al., 2005; Namboothiri et al.,
2002; Shankar, 2012 & references therein) and vertical
wavelength is observed to be 30-50 km (Shankar, 2012).
Eastward motion of background wind is favorable for
16-day wave propagation to MLT regions (Das et al.,
2010; Jiang et al., 2005; Namboothiri et al., 2002). (Salby
M., 1981) presented a detailed calculation for various
modes up to the upper mesosphere. He reported that the
influence of the non-uniform wind field on the modes is
very large, with relatively slow travelling velocities. This
activity is observed in solstice conditions as spatial non-
uniformities of the zonal mean wind field are very large
in the stratosphere and mesosphere heights, so the 6.5-
and 16-day waves are confined to the winter stratosphere
and mesosphere.

A remarkable feature of the tropical atmospheric circu-
lation and moist convection is their tendency to be orga-
nized at planetary scales. These oscillations propagate
eastward at an average speed of 5 m/s across the equatorial
Indian and western/central Pacific oceans. The period of
these oscillations is 30-90 days. The phenomenon shown
in Fig. 1 is known as the Madden-Julian Oscillation
(MJO). The MJO has been much studied since it was dis-
covered by Madden and Julian in 1971. The MJO is
observed in zonal wind and causes rainfall over the Indian
Ocean and western and central Pacific. The MJO in the
zonal wind is out of phase in the lower and upper tropo-
sphere. The MJO can be considered to be a mixture of Kel-
vin and Rossby waves near the source region and
propagates eastward away from it (Zhang, 2005).

The 3.5-day ultra-fast Kelvin wave in the mesopause
region is extensively studied using MF radar at Tirunelveli
(8.7° N; 77.8° E), India by S Sridharan et al., (2002). They
reported the semiannual variability at ~ 85 km where the
Mesopause Semiannual Oscillation (MSAOQ) in the mean
wind peaks. Also, they qualitatively showed that the mean
eastward winds and their shears are associated with a burst
of waves with moderate amplitude. Takahashi et al.,
(2006), studied the signature of 3—-6 day equatorial plane-
tary waves in the mesosphere and ionosphere. They have
utilized meteor radar measurements of MLT winds at Car-
iri (7.4° S, 36.5° W) and Ascension Island (7.9° S, 14.4° W),
as well as the minimum ionospheric virtual height, h'F,
measured at Fortaleza (3.9° S, 38.4° W) in 2004. They
reported that the 3.5 and 6.5-day waves could propagate
upward from the stratosphere to the MLT and could inter-
act with the ionosphere, modulating the F-region dynamo
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Fig. 1. The surface and upper-atmosphere structure of the MJO (Zhang 2005).

and E-region conductivity. Takahashi et al., (2007) studied
the UFK waves from Cariri and Fortaleza and TIMED/
SABER satellite temperature data of the stratosphere-
mesosphere. They have reported the first clear evidence
of the propagation of a UFK wave from the stratosphere
to the ionosphere, and there could have been an important
role of UFK waves in the day-to-day variability of the
equatorial ionosphere evening uplift. Talaat et al., (2001)
reported an observational study of 6.5-day Rossby waves
and concluded from the seasonal and spatial analysis that
these waves are modified by the zonal mean wind. They
have also observed the vertical structure of the 6.5-day
wave, which indicates that it is an internal gravity wave.
Talaat and Yee, (2002) reported from the tropical station
that the westward propagating 6.5-day wave is prominent
during the equinox. The 6.5-day wave was extensively stud-
ied by Kishore et al., (2004) using MF radar at Tirunelveli.
They found the 6.5-day wave to be stronger in the zonal
component, equinoctial phenomena, and the possible effect
of SAO on this wave. The seasonal variability of the 6.5-
day wave in the middle and upper atmosphere was studied
by Liu et al. (2004). For this, they used thermosphere-iono
sphere-mesosphere-electrodynamics general circulation
model (TIME-GCM) data. They have reported that the
wave amplitudes during equinoxes are smaller than the
peaks before and after, but are still larger than those during
solstices. This is because of baroclinic/barotropic instabil-
ity; such instability is usually absent during equinoxes.
Jiang et al. (2008) studied the mesospheric 6.5-day wave
observed by the radar system at various locations: Plat-
teville (40.18° N, 104.7° W), Yamagawa (31.2° N, 130.6°
E), Tirunelveli (8.67° N, 77.82° E), and Adelaide (35° S,
138° E). They examined the relationship between the 6.5-
day wave and the background wind and concluded that
the background wind does not significantly affect the verti-
cal propagation of the 6.5-day waves because of its faster
phase speed (~65 m/s). (Forbes et al., 1995; Luo et al.,
2000) investigated the quasi-16 day Rossby wave in MLT
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using radars in Obninsk, Russia (54° N, 38° E) and Saska-
toon, Canada (52° N, 107° W). They performed numerical
simulations which confirmed the interpretation that this
resulted in direct upward penetration of the disturbance
and which provided the corresponding global wind fields,
geopotential heights, and temperatures. Luo et al., (2000)
reported seasonal variation in wave characteristics (vertical
wavelength) of quasi 16-day oscillations in the MLT region
over Saskatoon and the effect of background wind on the
wave. The 16-day planetary waves were studied using
multi-MF radar observations from the Arctic to the Equa-
tor performed by Luo et al. (2002). They compared their
results with HRDI measurements and the GSWM mod-
elling results. They found at mid- and high-latitude loca-
tions that the 16-day waves are usually pervasive in the
winter-centered seasons (October through March), with
the amplitude gradually decreasing with height. Further-
more, the waves are no longer confined to the subtropical
and equatorial regions; they have spread to almost all sea-
sons in the MLT region. Ramkumar et al. (2006) con-
ducted an observational study to investigate the effects of
the tropical lower atmosphere ~ 20-day oscillations on
the ionospheric electrojet. They have used the MST radar,
Rayleigh Nd-Yag lidar Gadanki (13.5° N, 79.2° E) and MF
radar data at Tirunelveli. They have reported on the basis
of observational evidence that long-period oscillations near
21- and 30-days generated in the lower atmosphere (tropo-
sphere and lower stratosphere) in the Indian tropical
regions have possible influences on the lower E region
ionospheric currents (equatorial electrojet [EEJ]) at these
periodicities. Luo et al. (2001) also reported that an
extra-long period (20-40 day) oscillation is generally
observed during the winter (November—March) atmo-
sphere and strong amplitudes are observed throughout
the mesosphere.

In the present study, the day to day variabilities in the
MLT waves are reported using MF radar wind observa-
tions operated at low latitude station Kolhapur (16.8° N;
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74.2° E) India with higher altitude coverage covering up to
110 km. From this MF radar data, we report the character-
istics of the observed UFK, 6.5-, 16- day waves and MJOs
in the MLT region at this location. We show that the UFK
waves undergo semi-annual variability in the mesopause
region where MSAO is dominant in the mean zonal wind.
In addition to this, large intraseasonal variability in MJO,
semi-annual variability in 6.5-day wave is also reported.
Further, we have discussed the reason for the 16- day wave
penetration into the MLT region.

2. Data and methodology

The wind data used in this study were collected using the
spaced antenna mode of the MF radar at Kolhapur. The
system and mode of operation and the method of wind
determination are the same as described by (Vincent and
Lesicar 1991). The MF radar system at Kolhapur was
upgraded in 2013. The altitude coverage has been enhanced
from 98 km to 110 km in upgradation. As we know, at E
region height, the MF radar returns would most likely be
from total reflections. As a result, we anticipate that these
returns will be much stronger than weak partial reflections
from the D region. The magnitude of these returns would
be reduced by each ground reflation and by any D region
absorption during each transition, but the return may still
be strong enough to contaminate weak returns from region
D even after multiple reflections. During the day, there is a
very strong absorption in the D region. As a consequence
of this, the typical E region height peaks at 110 km during
daytime (Reid, 2015). Thus, additional information cover-
ing higher altitudes (E region rather than non-
contaminated D region) from this radar can be beneficial
to understand the dynamics of this low latitude MLT
region. The system details and important results on mean
winds and Quasi Two Day Waves observed over Kolhapur
are reported earlier by Sharma et al. (2018) and Gaikwad
et al. (2019) respectively. The MF radar measurements
can provide valuable information in understanding the ori-
gin of the field aligned currents and are influenced by elec-
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trodynamical processes in the equatorial E region (Dhanya
et al., 2008; Gurubaran et al., 2007; Gurubaran and
Rajaram, 2000; Ramkumar et al., 2002). The results of pre-
vious work (Sharma et al., 2018) using this site clearly
revealed the MF radar echoes at 90 km and above are
not influenced by electrodynamical processes (Briggs,
1977). To study the long-term oscillations over Kolhapur,
the daily mean MLT wind velocities for the observational
period from August 2013 to July 2017 are considered.
The days having more than 18 data points (18 h of data)
are considered for the analysis and the daily mean is calcu-
lated for those days only. Linear interpolation is applied to
fill the gaps in the time series. There are no noticeable data
gaps observed during the period of observations. To study
the wave characteristics, various analysis techniques like
Fast Fourier Transform (FFT), wavelet analysis, time
domain filtering, harmonic analysis, etc. are used, which
will be discussed later in the results and discussion section.
These results might be useful to understand the planetary
scale oscillations over the low latitude MLT region.

2.1. Spectral analysis using FFT technique

To investigate the long-period oscillations present in
observed MLT zonal and meridional winds, the daily mean
data is subjected to FFT. This technique is capable of yield-
ing the temporal variability in the wave energy. Fig. 2 (a)
and (b) depict the FFT of the day mean zonal and merid-
ional winds through contours, respectively. These contours
are for the period between 2 and 110 days. The oscillations
below 20-days are presented by line plots (shown in Fig. 3).
The zonal wind contour (Fig. 2 (a)) clearly shows that the
amplitude is maximum/peak near 60-65 and 70-75 days at
an altitude of 80-94 km. In addition to this, the peaks are
observed at lower thermospheric heights (above 100 km) as
well, but their amplitude is observed to be less than meso-
spheric heights. These features of planetary waves are
observed and reported for the first time with this radar
from this location. It has also been observed that the oscil-
lations have a period of ~ 48 days. In contour, for merid-

62
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Fig. 2. Amplitude spectra of the mean (a) zonal and (b) meridional wind.
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Fig. 3. Amplitude spectra of daily mean zonal and meridional winds at 88 km for the year 2013-2016.

ional wind (Fig. 2 (b)), the oscillations above 40-days are
clearly seen. Also, the oscillations near 60-65 and 70—
75 day periods are present but with less amplitude as com-
pared with the zonal component.

The line plot of FFT spectra for the zonal and meridional
wind is shown in Fig. 3. For a clear view of the oscillations
having a period below 20 days, Fig. 3 has been presented sep-
arately. The dominant period oscillations are clearly seen in
the zonal as well as meridional components. In the zonal
wind, the peaks observed at 3.5-, 6.5-, and 16-day corre-
spond to 3-4, 5-8, and 15-17 day oscillations. In the case
of meridional wind, the peaks are observed at 3.5-, 6.5-,
and 16-day, which corresponds to 3-4, 5-8, and 15-17 day
oscillations. Generally, the meridional wind has a smaller
amplitude than the zonal wind. These planetary scale waves
are discussed in later sub-sections.

2.2. Harmonic analysis

To determine the amplitude and phase of the planetary
waves (PWs), the daily average wind data was harmoni-
cally analyzed using a time series constructed from hourly
mean values. Time series for zonal and meridional wind
components were least square fitted with prevailing and
3.5-, 6.5-, 16-, and 45-day harmonic components. Each
wind component can be represented by a time-dependent

expression.
2t n
T’n ()07)1

where a( is the prevailing component,4,,and¢p,, are the
amplitude and phase of the m™ harmonic component with
a period of T, (Vincent et al., 1998). The results using this
analysis technique are later discussed in the subsequent
3.1.3, 3.2.3, 3.3.3 and 3.4.3 sections.

m=1

A(t) = ap+ ZAm cos
4

(1)
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2.3. Wavelet analysis

Planetary waves are usually transient phenomena,
meaning the data contains non-stationary power at differ-
ent frequencies. For time—frequency analysis, wavelet anal-
ysis has to be applied. Here, the Morlet wavelet is used
(Pancheva et al., 2016; Pancheva and Mukhtarov, 2000;
Torrence and Compo, 1998).

The contour of wavelet amplitudes for zonal (EW) wind
(height averaged 86-94 km) is shown in Fig. 4. The thick
contour encloses regions with a significance level greater
than 95 %. The X-axis shows the day number, and the
Y-axis shows the time periods of the observed oscillations.
The solid line shown in wavelet spectra is the “cone of
influence”. From the contour (Fig. 4), it can be seen that
the observed peaks of 30-60, 15-17, and 5-8 day oscilla-
tions are well above the 95 % confidence level. The
6.5 day wave activity exhibits large inter annual variability,
with 2015 being the most active compared to 2014 and
2016. The 16 day wave is observed to be dominant in the
winter season throughout the analyzed period and spread
over all secasons of the year 2014. The detailed results are
discussed in subsequent sections.

2.4. Time domain filtering using band-pass filter

The band-pass filtered signal with an appropriate pass
band is then plotted for time-height cross-section with
superimposition of line contour of monthly mean winds
(Figs. 5, 6, 10, 11, 14, 15 & 18). In line contour, solid lines
indicate eastward (northward) and dotted lines indicate
westward (southward) flow in zonal (meridional) winds.
In colored (filled) contours, positive colors indicate east-
ward (northward) while negative colors indicate westward
(southward) flow in zonal (meridional) winds.
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Fig. 4. Wavelet spectra of zonal wind averaged between 86 and 94 km.
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Fig. 5. Contours of 3.5- day band-pass filtered zonal wind superimposed with mean zonal wind from August 2013-July2017 for 80-110 km height.

3. Results
3.1. 3.5 day waves

3.1.1. Time domain filtering

The time-height contours of a band-pass filtered with
pass-band were chosen between 3- and 4- days for zonal
and meridional winds and are presented in Figs. 5 and 6,
respectively. The filtered wave is shown for different years
through different contours. And the line contour of the
monthly mean background wind is superimposed on it.
Overall, ~8 m/s amplitude is observed for a 3.5-day wave.
In the 3.5-day filtered zonal wind (Fig. 5), a burst of 3.5-
day wave activities are clearly observed in the Northern
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Hemisphere (NH) summer months (May-August) and dur-
ing the December solstice period between altitudes of 80
and 100 km, when the background mean wind is eastward.
Therefore, these waves can also be referred to as UFK
waves. It seems that the wave has an enhancement in the
westward shear region during the month of February of
every year and also during the fall/autumn equinoctial per-
iod (i.e., September-October). The 3.5-day wave activity is
at its peak (88-92 km altitude) during November-
December and February of all years, March 2017, and
April-May 2015 and 2016.

The increase in UFK wave activity observed in 2014,
2015, and 2016 occurred primarily at almost all altitudes
above 80 km during the eastward phase of the Mesospheric
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Months

Fig. 6. Contours of 3.5- day band-pass filtered meridional wind superimposed with mean meridional wind from August 2013-July2017 for 80-110 km

height.

Annual Oscillation (MAO) (e.g., June and August 2014,
April 2015, and July-August 2016) and at times of peak
westward flow of background wind (e.g., the intense wave
activity observed during the autumn of 2016 and during
both westward phases in 2014, 2015, and 2016). This is
because of the interaction of the wave with the mean zonal
wind field in the underlying stratopause SAO regime
(Sridharan et al., 2002; Yoshida et al., 1999). The period
of enhancement of UFK wave activity is somewhat similar
during all years. The UFK wave activity and the zonal
winds in the MLT region were distributed over the whole
year during all the analyzed years.

Fig. 6 depicts the 3.5-day filtered meridional wind. There
was a bit less than 3.5-day wave activity observed in the
meridional wind. From the figure, we can clearly see the
3.5-day wave activity is strong during equinoxes (spring
and fall) and summer months when the background mean
wind is southward. The amplitude of the wave observed dur-
ing the equinoctial period is ~ 8 m/s and during the summer
months it is ~ 6 m/s. During the summer and fall equinoctial
periods, the wave activity is observed at all altitudes (i.e., 80—
110 km), while during the spring equinoctial period (March—
April), it is between 80 and 100 km. On the one occasion dur-
ing the December solstice of every year, the wave is enhanced
in the northward shear regions. The 3.5-day wave activity is
somewhat similar for all the years of both the components
(i.e., zonal and meridional).

3.1.2. Seasonal variation in 3.5- day wave

The seasonal variation in 3-4 day wave activity is shown
through the analysis of Fig. 7 (time-height cross-section of
wave amplitude). The analysis revealed that the zonal wave
activity (Fig. 7(a)) is particularly strong during the winter
months (November-February), June-July, and March of
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each year. The peak wave activity (amplitude ~ 6 m/s) is
observed at 85-90 km during June-July of every year. At
these heights, the Mesopause SAO in zonal wind peaks. It
has also been observed that the wave activity is strong when
the background wind is eastward. Similar to the zonal com-
ponent, the meridional (Fig. 7 (b)) 3-4 day wave activity is
observed to be strong during winter and summer months.

3.1.3. Amplitude and phase variation of the 3.5-day wave

The amplitude and phase variation of both the compo-
nents of the 3.5-day wave during the summer and winter
months are shown in the analysis of Figs. § and 9. The
amplitudes are calculated by using harmonic analysis and
least square fitted for the 3.5-day harmonic component.
It has been observed that the zonal wave amplitude
(Fig. 8) is high at all altitudes below 100 km during the
summer as well as in the winter months. The wave ampli-
tude below 100 km is observed to be large during the sum-
mer months as compared with the winter months. There is
no significant phase variation observed during these sea-
sons, and the phase gradually decreases with height. Also,
the meridional component shows the wave activity during
summer and winter months. From the vertical profile of
3.5-day meridional wave amplitude (Fig. 9), a large inter-
annual variability was observed in both seasons. Also, a
large phase variation of the wave is observed.

3.2. 6.5 day wave

3.2.1. Time domain filtering

The time-height cross-section of band-pass filtered zonal
and meridional winds with pass-band between 5 and 8 days
are shown in Figs. 10 and 11 respectively. The filtered wave
is shown for different years through different contours. The
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Fig. 8. Vertical profile of the 3.5- day wave amplitude (left panel) and phase (right panel) of zonal wind during summer (upper panel) and winter (lower

panel) seasons.

line contour of monthly mean wind is superimposed on
these contours of the respective year. The 5-8 day wave
is also referred to as 6.5-day wave and it seems to be promi-
nent near equinoxes i.e. April-May and September-
October. These waves are westward propagating zonal
waves since the background mean wind during the
equinoctial period is westward. Similar to the results were
reported by (Liu et al. 2004)), the wave amplitudes during
equinoxes are smaller than the peaks before and after but
are still larger than during solstices. The wind conditions
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before and after the equinox, are favorable for the wave
propagation and amplification. The zonal 6.5-day wave
activity (Fig. 10) occurs at all altitudes with a peak ampli-
tude of 10 m/s. The 6.5- day wave activity is observed to be
stronger near spring equinox as compared with fall equi-
nox, which is consistent with the results reported earlier
by (Kishore et al., 2004). The year 2015 seems to have a
peak 6.5- day wave activity than that of 2014 and 2016,
since the burst like wave activities was observed during
these years. The enhancement in eastward shear regions
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Fig. 10. Contours of 6.5 day band-pass filtered zonal wind superimposed with mean zonal wind from August 2013-July2017 for 80-110 km height.

are observed at higher altitude (above 90 km) during sum-
mer months and fall equinox of years 2015 and 2016, where
the background mean wind is eastward. The eastward
shearing is again observed during December solstice. A
weak 6.5-day wave activity observed during the year
2017. A large inter-annual variability is observed in the
6.5-day wave activity.

The 6.5-day wave activity in meridional wind is less as
compared with the zonal wind (shown in Fig. 11). A very
less/ rare wave activity has been observed during the year
2017 as compared with remaining years. Similar to the
zonal component, the wave activity in the meridional com-
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ponent is large near equinoxes and summer months when
background wind is equatorward (southward). The burst
like wave activity is observed at all altitudes during summer
months and is predominantly at upper mesospheric alti-
tudes (80-90 km) during equinoxes. The 6.5-day waves
are interestingly observed during December solstice over
all altitudes when background mean wind is poleward
(northward). The observed results implicate a clear sea-
sonal dependence of 6.5-day wave. (Meyer and Forbes
1997) reported that the middle atmospheric wind field dur-
ing the equinoctial period is beneficial for the generation of
wave field through instabilities. And in-situ momentum
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height.

forcing will be strongly responsible at high latitudes in the
southern hemisphere. However, significant amplitude of
this wave activity is observed even in the meridional wind
using MLT radar at middle and high latitude (Clark
et al. 2002); (Pogoreltsev et al. 2002).

3.2.2. Seasonal variation in 6.5-day wave

The seasonal variation in the 5-8 day wave is shown in
the analysis of Fig. 12. In this figure, the contours shown
are for 5-8 day wave amplitude. A 5-7 day zonal wave
(Fig. 12(a)) is most common during the spring and fall

equinoctial months. The 6.5-day wave amplitudes observed
during the spring equinox are much larger than those of the
fall equinoctial months. The wave amplitudes are stronger
at higher altitudes than at lower ones, suggesting that the
wave amplitudes increase with height. Above 84 km, the
wave activity attains its maximum value. The wave ampli-
tude reaches ~ 8 m/s at altitudes of 86-100 km. Similar to
SAO, the 6.5-day wave activity is stronger in April than in
September, showing a possible effect of SAO on this wave.
The middle atmospheric wind field during the equinoctial
months is conducive for the generation, propagation and
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Fig. 12. Seasonal variation in (a) zonal and (b) meridional 5-8 day wave.
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amplification of the wave by gaining energy from unstable
regions. This is because the wind field is still relatively weak
compared with solstice period so that the wave may prop-
agate without much decay (Kishore et al., 2004; Liu et al.,
2004; Meyer and Forbes, 1997). A large inter-annual vari-
ability is observed in the wave activity, which is stronger in
the year 2015 than in the remaining two years (2014 and
2016). Also, moderate amplitudes are observed during the
May and October months. In the month of May, the wave
activity appears at mesospheric heights (below 92 km)
where the zonal wind is westward. The wave activity in
the meridional component (Fig. 12(b)) is observed to be
strong during the solstices (June-July and December-
February). Also, the wave activity was strong during the
years 2014 and 2015. The meridional wave activity is strong
in the MLT region but has slightly less amplitude as com-
pared with the zonal component during 2016 and 2017. In
general, the 6.5-day meridional wave activity is not
consistent.

3.2.3. Amplitude and phase variation of 6.5- day wave
From the seasonal variation of the 6.5-day wave, it can
be clearly seen that the largest bursts (amplitude greater
than 7 m/s) occur during the 3 equinoxes (September
2013, April 2015, and March 2017). All the other equinox
bursts look “normal” (Fig. 12). Therefore, here the har-
monic analysis is done for the equinoctial period and pre-
sented in Fig. 13. The time series of the zonal component
is the least square fitted for the 6.5-day harmonic compo-
nent. The zonal amplitude during the spring equinox is
generally less than 5 m/s in all years except 2015. The max-
imum amplitudes (3—-6 m/s) are observed in the fall equinox
at the 84-98 km altitude range, compared to that of the
spring equinoctial period, and the reverse is the case for
the year 2015. From Fig. 13, it is clear that during both
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the equinoxes (spring and fall), almost all the occurrences
of the 6.5-day wave at the 84-98 km altitude range fall in
the case when the zonal wind is easterly (westward).

3.3. 16-day oscillations

The 15-17 day oscillations are referred to as the 16-day
oscillations. These oscillations in nature are supposed to
have a global scale, and the westerly phase of the zonal
background winds is more favorable for the 16-day wave
penetration to the MLT region. Earlier observations have
shown that this planetary-scale oscillation (16-day) exhibits
year-to-year variability but does not show any seasonal
behavior, either for Zonal or Meridional components
[e.g. (Lima et al., 2006; Namboothiri et al., 2002)]. How-
ever, maximum wave activities were observed in the
months January and February. During these months, the
wave exists over a large part of the MLT region, with
amplitudes generally decreasing with altitude. In particu-
lar, the waves can be seen up to the lower thermospheric
(100 km) region. Also, the zonal component of the 16-
day wave is larger in amplitude than the meridional com-
ponent. The 16-day wave is extracted by using a band-
pass filter with a pass-band between 15 and 17 days.

3.3.1. Time domain filtering

The contours of the 16-day filtered wave with mean
winds superimposed of zonal and meridional winds are
shown in Figs. 14 and 15 respectively. The 16-day zonal
wave activity (Fig. 14) has been observed during
December-February of every year when the background
mean wind is eastward. In addition to this, wave activity
is predominant over all seasons at all altitudes. The results
observed with the Kolhapur radar are in good agreement
with the results reported earlier by (Das et al., 2010;
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Fig. 13. Vertical profile of the 6.5- day wave amplitude (left panel) and phase (right panel) of zonal wind during spring (upper panel) and fall (lower panel)

equinoxes.
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14. Contours of 16-day band-pass filtered zonal wind superimposed with mean zonal wind from August 2013-July2017 for 80-110 km height.
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Fig. 15. Contours of 16 day band-pass filtered meridional wind superimposed with mean meridional wind from August 2013-July2017 for 80-110 km

height.

Jiang et al., 2005; Luo et al., 2002; Namboothiri et al.,
2002). They have reported that these waves no longer
remain dominated in winter; instead, the waves spread to
almost all seasons and altitudes of the MLT region at sub-
tropical and equatorial locations.

The 16-day wave activity observed in the meridional
component (Fig. 15) is present for the analyzed period,
but the amplitude is small as compared with the zonal com-
ponent. Similar to the zonal component, the 16-day wave is
spread over all seasons at all altitudes. The 16-day waves
are present with slightly high amplitude (~4 m/s) during
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the winter season when the background mean wind is pole-
ward (Northward) at upper mesospheric heights (80—
90 km).

3.3.2. Seasonal variation in 16- day planetary scale
oscillation

The seasonal variation in the 16-day wave is shown in
the analysis of Fig. 16. In this analysis, the monthly 16-
day wave amplitude for both the wind components is calcu-
lated at every height (80—110 km). The zonal 16-day wave is
visible in Fig. 16(a) during the months of January and
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Fig. 16. Seasonal variation in (a) Zonal (b) Meridional 16- day wave.

February of each year of the analyzed period. In addition,
the wave activity is also observed during the summer
months of the year 2014, March—April of 2014 and 2017,
September—October of 2015, and June-July of 2016 and
2017. In the meridional component (Fig. 16 (b)) of wind,
the wave activity was observed during the winter months
of every year but at higher altitudes except in 2013, 2015,
and 2017. From the analysis of Fig. 16, it has been
observed that no significant seasonal variation is seen in
the 16-day wave.
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3.3.3. Amplitude and phase variation of 16- day planetary
scale oscillation

The amplitude and phase of 16-day planetary scale oscil-
lations can be determined by harmonic analysis. The
amplitude and phase of the zonal and meridional compo-
nents of wind for the months of January and February
are presented in the analysis of Fig. 17.

The peak 16-day zonal wave activity (upper panel) was
observed during the year 2015 and the peak amplitude
observed was 12 m/s at mesopause height. Whenever the
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Fig. 17. Vertical profile of the 16- day wave amplitude (left panel) and phase (right panel) of (a) zonal (upper panel) and (b) meridional (lower panel)

winds during the month of January-February.
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wave amplitude is observed to be less, large phase variabil-
ity is observed (2016 and 2017). Similar results were
observed in the meridional component (lower panel), but
the amplitude observed was smaller than the zonal compo-
nent of wind. In addition to the large amplitude observed
at upper mesospheric heights (80-86 km), the 16-day wave
amplitude is also observed at lower thermospheric heights
(90-104 km).

3.4. Madden-Julian oscillation (MJO)

3.4.1. Spectral analysis of MJO using FFT technique

The dominant period of MJO is roughly spread over a
time period of 30-60 days (Fig. 2). Its peak power is highly
variable within this range of period. The spectral amplitude
of zonal and meridional winds is presented through the
analysis of Fig. 2. From the analysis, the MJO is clearly
observed in a zonal component within this range of period.
From the analysis, it has been observed that the altitude
occurrence of MJO is between 80 and 90 km. The MJO
amplitude of meridional wind is negligibly weak.

3.4.2. Time domain filtering

The MJO variability in the band-pass (pass-band of 30
and 60 days) filtered zonal wind during the observation
span has been presented through the analysis in Fig. 18
(a). The wave amplitude of MJO in the MLT region is
quite high (~12 m/s) as compared with the others reported
in this article. The MJOs are observed almost at all alti-
tudes but more prominently at upper mesospheric heights
(below 80-90 km). In general, the burst of zonal MJO is
observed during the winter months at all altitudes (80—
110 km), while in the summer months it occurs at higher

(a) Zonal Wind

30-50 day wave (Aug 2013
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altitudes (above 90 km). Normally during winter seasons
long period oscillations like MJOs generated in the lower
atmosphere will get dissipated in the mesopause region
either due to convective or dynamic instabilities or due to
critical filtering mechanism (Ramkumar et al. 2006). From
the analysis, it is worth noting that the zonal MJO occurred
when the background mean wind was eastward. Similar to
the zonal component, the meridional MJOs (Fig. 18 (b))
are observed during the winter and summer months. The
zonal wave amplitudes are observed to be larger during
all winters while smaller during some of the summers (for
example, 2016) than that of the meridional component.

3.4.3. Amplitude and phase variation of MJO

The vertical profiles of amplitude and phase variation of
the zonal and meridional MJO are presented in Figs. 19
and 20. In the summer months, the zonal MJO (Fig. 19)
amplitude is observed to be maximum at higher altitudes
(above ~ 90 km), while during winter it is between 80
and 94 km. The amplitudes observed during the summer
are larger as compared with the winter months. The phase
of MJO is gradually decreased as height increases, except
for the year 2016. During 2016, large phase variation was
observed while the amplitude observed was very small in
both the seasons. From this analysis, it can be seen that
there is a large intraseasonal variability observed in the
MLT Madden-Julian Oscillation.

Except for 2015 and 2016, a large amplitude (3 to 5 m/s)
of MJO in the meridional component (Fig. 20) has been
observed during the summer at all altitudes. During the
winter season, the MJO amplitude is negligible at meso-
spheric heights (80-90 km) while considerably large (~2
to 3 m/s) at higher altitudes (above 90 km). The phase
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Fig. 18. Contours of band-pass filtered (cut offs 30 and 60 days) (a) zonal and (b) meridional wind with superimposed mean zonal and meridional wind

respectively.
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Fig. 19. Vertical profile of the MJO amplitude (left panel) and phase (right panel) of zonal wind during the summer (upper panel) and winter months

(lower panel).
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Fig. 20. Vertical profile of the MJO amplitude (left panel) and phase (right panel) of meridional wind during the summer (upper panel) and winter months

(lower panel).

gradually decreases as height increases, except for the years
2015 summer and 2014-2015 winter. Also, large phase vari-
ation is observed when the amplitude is small. Similar to
the zonal component, large intraseasonal variability is
observed in the meridional MJO.

4. Discussion and conclusions

We provide the analysis of MF radar at the low latitude
station, Kolhapur. From our analysis we infer that the
UFK wave is stronger in the spring equinoctial period,
i.e., the first westward phase of the SAO of zonal wind.
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The UFK waves reveal semiannual variability at
heights ~ 85 km. At these heights, mesopause semiannual
oscillations (MSAO) in the zonal wind peaks. As suggested
by (Yoshida et al. 1999), this variability is caused by the
interaction of the wave with the mean wind in the underly-
ing stratopause semiannual oscillation (SSAO) regime. The
amplitude of the UFK wave is observed to be larger when
the mean winds blow westward and is observed up to the
highest altitude of 100 km. The 6.5-day wave is observed
to be an equinoctial phenomenon, being strong during
the months of April/May and September/October, when
the background winds are westward. Similar to SAO, the
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wave activity is stronger in April/May than in September/
October. This indicates the influence of SAO on this wave.

The 16-day zonal wave has a larger amplitude than that
of the meridional component. The 16-day waves penetrate
into the MLT region along the lines of a weak background
eastward wind. The eastward motion of the zonal back-
ground winds is favorable for these waves to penetrate.
The strong summer waves during 2014 may come from
the winter in the southern hemisphere. For this, large and
multi-station data sets are needed for the analysis. Both
the wind components, i.e., zonal and meridional winds,
do not exhibit any seasonal characteristics (ex. SAO) of a
16-day planetary wave.

MJO is observed when the background wind is eastward
with an average speed of ~ 5 m/s, which occurs during the
summer and winter months. This is one of the most funda-
mental differences between MJO and other tropical atmo-
sphere phenomena such as convectively coupled Kelvin
waves, which propagate eastward at speeds of 15-17 m/s
(e.g., (Wheeler and Kiladis 1999); (Straub and Kiladis
2002)). A large intraseasonal variability has been observed
in both the zonal and meridional components of winds.
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