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[1] In this paper we study the planetary-scale wave features using concurrent observations
of mesospheric wind and temperature, ionospheric h’F, and tropospheric wind from
Tirunelveli, Gadanki, and Kolhapur, all located in the Indian low latitudes, made during
February 2009. Our investigations reveal that 3 to 5 day periodicity, characterized as
ultrafast Kelvin (UFK) waves, was persistent throughout the atmosphere during this period.
These waves show clear signatures of upward wave propagation from troposphere to the
upper mesosphere, linking the ionosphere through a clear correlation between mesospheric
winds and h’F variations. We also note that the amplitude of this wave decreased as we
moved away from the equator. These results are the first of their kind from Indian sector,
portraying the vertical as well as latitudinal characteristics of the 3 to 5 day UFK waves
simultaneously from the troposphere to the ionosphere.
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1. Introduction

[2] The coupling of Earth’s atmosphere, vertically, from
the troposphere to the middle atmosphere-thermosphere/
ionosphere through dynamical processes is important for
understanding the momentum and energy flow. The lower
atmosphere is understood to be the source of broad spectrum
of waves (planetary waves, tides, gravity waves) [Beer,
1974]. These waves propagate upward into the mesosphere
and lower thermosphere (MLT) region and also play a crucial
role in the processes occurring at the ionospheric E and F
regions [e.g., Abdu et al., 2006; Lastovicka, 2006; Takahashi
et al., 2007; Fagundes et al., 2009;Goncharenko et al., 2010;
Taori et al., 2010]. The equatorial planetary waves have been
classified as Kelvin waves and Rossby-gravity waves based
on their periods, wave number and propagation direction
[Matsuno, 1966]. These waves are believed to be excited by
oscillations in the large-scale convective heating pattern in the
equatorial troposphere [e.g., Holton, 2004]. Rossby-gravity

waves propagates westward and the periods typically 1 to
5 days based on their zonal wave number. Kelvin waves,
however, propagates eastward and are a source of eastward
momentum in the middle atmosphere [Sato and Dunkerton,
1997]. A distinguished characteristic of Kelvin waves is
that they do not have meridional perturbation velocity and are
often observed in the zonal wind and temperature perturba-
tions. Observational reports indicated that Kelvin waves span
a wide range of periodicity. For example, the “slow” Kelvin
waves with periods in the range of 15–20 days, having the
vertical wavelength of around 10 km, are characterized by
wave number 1 [Wallace and Kousky, 1968]. From rocket
experiments, “fast”Kelvin waves with periods in the range of
6–7 days, having the vertical wavelength of �20 km with
zonal wave number 1 are also detected in the upper strato-
sphere [Hirota, 1978]. Measurements from LIMS/Nimbus-7
stratosphere-mesosphere measurements led to the discovery
of another class of Kelvin waves called the “ultra-fast”
Kelvin (here after, UFK) waves [Salby, 1984]. The UFK
waves have wavelengths greater than 20 km and periods
ranging from 2 to 6 days. The long vertical wavelengths and
shorter periods make UFK waves capable of reaching the
MLT region altitudes. Hence these waves are considered
important for neutral-ion coupling [e.g., Forbes, 2000].
[3] A number of studies reported the characteristics of

UFK waves in the MLT region using the meteor and MF
radars [Riggin et al., 1997; Yoshida et al., 1999; Pancheva
et al., 2004; Lima et al., 2008]. The principal role of UFK
waves in the middle atmosphere is in driving the intraseaso-
nal oscillations (ISO) into the MLT region. Several studies
reported the existence of ISO in the MLT region [Eckermann
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et al., 1997; Isoda et al., 2004]. However, it is also suggested
that the MLT ISO may not be due to direct propagation
from lower atmosphere. Subsequent reports have shown the
involvement of diurnal tides (migrating and nonmigrating),
intraseasonally modulated gravity waves and UFKs in the
generation of ISO in the MLT region [Eckermann et al.,
1997; Lieberman et al., 2003; Miyoshi and Fujiwara,
2006]. Some reports, however, show the direct propagation
of ISO up to stratosphere [e.g., Ziemke and Stanford, 1991;
Niranjankumar et al., 2011]. Nevertheless, the UFKs are the
primary driving forces of ISO in the MLT region due to their
long vertical wavelengths and their interaction with the
background winds can lead to generation of ISO in the MLT
winds [Miyoshi and Fujiwara, 2006].
[4] The involvement of planetary waves (2–30 day) in

coupling the thermosphere and ionosphere is also a subject of
interest. These waves are believed to be responsible for the
substantial part of modulation of the E region wind-driven
dynamo [e.g., Parish et al., 1994, Voiculescu et al., 2000;
Phanikumar et al., 2009]. In this regard, UFKs are one of the
important sources for the existence of day-to-day variability
in the ionosphere. Takahashi et al. [2007] observed 3–4 day
oscillations in the MLT wind fields and in the F region
parameters (foF2 and h’F2) using ground-based and iono-
sonde measurements. They attributed that the observed
oscillations are due to upward propagating UFK waves from
the stratosphere. Kelvin waves are expected to have a
Gaussian type latitudinal structure in their amplitude, in the
absence of mean wind shear, with maximum amplitudes near
the equator and the amplitudes decay exponentially. Recently
the UFKwave signatures at ionospheric altitudes are reported
even from midlatitudes [Liu et al., 2012]. In general, UFK
waves are assumed to be trapped to �30�, however, their
study shows the signatures as high as 40�N. This gives an
impression that the latitudinal characteristics of the UFK
waves are far more complex and needs more data from low-
latitude middle atmosphere.

[5] In this regard, present study investigates the signatures
of UFKwaves and their latitudinal characteristics over Indian
sector with the help of simultaneous multi-instrument mea-
surements extending from troposphere to the ionosphere
during February 2009. We examine the characteristics of
UFK waves in the MLT region using two MF radars located
at Tirunelveli (8.7�N, 77.8�E) and Kolhapur (16.8�N,
74.2�E). During the same period we utilize the tropospheric
winds (from mesosphere-stratosphere-troposphere (MST)
radar), middle atmospheric temperature (from Rayleigh lidar)
and base height of the F region of ionosphere (from Iono-
sonde) data recorded over Gadanki (13.5�N, 79.2�E). Apart
from these ground based observations we also make use
of the TIMED/SABER satellite measurements as additional
support.

2. Data Description

[6] The present study makes use of observations from
ground-based instruments such as MF Radars, MST Radar,
Rayleigh lidar and ionosonde operated simultaneously in the
month of February 2009. The MF radars give the horizontal
wind information in the MLT region whereas the MST radar
provides wind information in the troposphere. The Rayleigh
lidar also have been used for the present study to obtain the
middle atmospheric temperature variability. In order to see
the ionospheric variability we have also used the ionosonde
operated during the observational period. The locations of
these instruments are indicated in Figure 1.

2.1. MF Radar at Tirunelveli (8.7�N, 77.8�E)
and Kolhapur (16.8�N, 74.2�E)
[7] The Medium Frequency (MF) radars over Tirunelveli

and Kolhapur are near identical and operate at 1.98MHzwith
a peak transmitter power of 25 kW. The radar operates as a
spaced-antenna system [Vincent, 1986], relying on coherent
echo signals from middle atmosphere ionization. The inter-
pulse period is 12.5 ms during the day and 25 ms during the
night. The MF radar makes use of the spaced antenna tech-
nique, and samples the horizontal winds in the 70 to 98 km
altitude at every 2 km altitude. Full correlation analysis
[Briggs, 1984] has been carried out to deduce the wind
components following standard procedures. Detailed descrip-
tions of the radar system are discussed elsewhere [Rajaram
and Gurubaran, 1998]. We utilize the wind measurements
from both locations obtained during 1–28 February 2009 to
study the planetary wave signatures.

2.2. MST Radar at Gadanki (13.5�N, 79.2�E)
[8] The MST Radar located at Gadanki is a phased-array

Doppler radar operating at a carrier frequency of 53 MHz
with an average power aperture product of 7� 108 Wm2.The
radar consists of 1024 pairs of crossed Yagi-Uda antenna
elements arranged in 32� 32 matrix over an area of 132 m�
132 m. The radar having a beam width of 3�, gain of 36 dB
and a side lobe of �20 dB, can be tilted 20� in steps of 1�
from zenith in the north-south and east-west planes. More
details of radar system and technical specifications can be
found in Rao et al. [1995]. For the present study, a continu-
ous observation of the horizontal wind velocities measured
by MST radar at Gadanki from 7 to 28 February 2009. The
radar was operated daily around 12:00 UT (universal time)

Figure 1. Map showing the location of instruments used in
the present study. The asterisk shows the MF radar sites. The
solid circle shows the location of MST radar, ionosonde, and
Rayleigh lidar.
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for about 15 min to 1 h in the six beam mode. The radar beam
was titled 10� in the east, west, north, and south directions
along with two zenith beams with two orthogonal polariza-
tions, Zx and Zy. We have averaged around twenty profiles,
with an altitude resolution of 150 m, in 1 h to get one height
profile for a day; i.e., around 12:00 UT.

2.3. Rayleigh Lidar at Gadanki (13.5�N, 79.2�E)
[9] The lidar system located at Gadanki is equipped with

a Nd-YAG pulsed laser at 532 nm with energy of about
550 mJ, operating at a pulse repetition rate of 50 Hz and pulse
width of 7 ns. The estimation of temperature profile from
Rayleigh lidar are derived with the help of downward inte-
gration onion peel method where temperature values are
obtained by seeding the model temperature and pressure
values at �100 km. Details of the lidar system and the
method of temperature retrieval are discussed elsewhere
[Siva Kumar et al., 2003]. In present study we have used the
temperature profiles in 30–70 km altitude range, with an
altitude resolution of 300 m, from 12 to 26 February 2009,
during which we have a daily continuous nighttime mea-
surements for more than 4 h.

2.4. Ionosonde at Gadanki (13.5�N, 79.2�E)
[10] The ionospheric parameters viz. base height and

F region critical frequency (i.e., h’F and foF2) over Gadanki
are obtained with the help of a digital ionosonde (KEL make,
model IPS42). The ionosonde was routinely operated during
the period of current investigation; i.e., January–March 2009,
with a temporal resolution of 15 min.

[11] To support our observations we also makes use of
temperature measurements from TIMED/SABER satellite
data in the month of February 2009 for a latitude and longi-
tude grid of 10�N–20�N and 70�E–80�E, respectively.

3. Results and Discussions

[12] In order to identify whether planetary wave activity
was persistent during February 2009, we first identify the
UFK signatures in mesospheric winds and characterize
them. Then we investigate the UFK signatures in ionospheric
parameters. We show that UFK signatures were also persis-
tent in mesospheric temperatures. To make the UFK propa-
gation complete, at last we show the upward propagating
planetary wave signatures in tropospheric winds.

3.1. Planetary Wave Signatures in Mesospheric Winds
[13] To elaborate the background wind conditions at

mesospheric altitudes, we average the full February month
wind data obtained from Tirunelveli and Kolhapur, which are
shown in Figure 2. We note that the mean zonal winds are
westward in the altitude range 80–98 km. The magnitude of
the westward winds, however, over Kolhapur are smaller
compared to the one noted over Tirunelveli. The mean
meridional wind over Tirunelveli show northward flow
which reveals a transequatorial flow during the winter months
which was earlier reported by Rajaram and Gurubaran
[1998]. However, the meridional winds at Kolhapur show
southward winds till 90 km from where above they become
northward. It is evident from Figure 2a that once the eastward
propagating waves (e.g., Kelvin waves) reach the mesospheric

Figure 2. (a) Mean zonal winds in the month of February 2009 using MF radar located at Tirunelveli
(black) and Kolhapur (red) in the altitude range of 82–98 km. (b) Same as Figure 2a but for meridional
winds.
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heights they can propagate to higher heights as they will be
least affected by the background wind filtering.
[14] We know that MLT region variability is overwhelmed

with small-scale gravity waves to large-scale planetary
waves. Therefore, to identify the presence of planetary wave
modulations in the MLT region during the observational
period, we applied the Fourier transform to the daily mean
winds after the removal of diurnal components obtained from
the hourly mean horizontal winds. Figure 3 shows the power
spectrum of zonal and meridional winds averaged between
80 and 98 km during the observational period of February
2009. Interestingly, the spectrum shows wave periods in
between 2.5 and 5.5 days to occur at both locations, i.e.,
Tirunelveli and Kolhapur. It also shows that meridional
component of these waves is negligible compared to the
zonal components. This provides us the first confirmation
that the modulation in zonal winds is associated with the
UFK waves. Moreover the Figure 3 also shows that the
amplitude of planetary wave decreases with latitude which is
consistent with the signatures of UFK wave. We note that the
spectral power of UFK is reduced by more than half over
Kolhapur compared to the power noted over Tirunelveli.
Note that the power of UFK wave is �115 m�2 s�2 in
Tirunelveli zonal winds, whereas it is �50 m�2 s�2 over
Kolhapur. Although the Fourier analysis of wind data indi-
cates the presence of a certain period/frequency, but do not
localize the frequency information. However, the planetary-
scale wave activity shows nonstationary characteristics,
namely particular wave modes can occur in bursts of small
duration [Salby, 1984]. In that sense the wavelet analysis
allows us to extract the time-frequency information. Hence
we apply a wavelet analysis to the MLT winds to see the
localization of UFK wave signatures. The method of wavelet

analysis is adopted from Torrence and Compo [1998].
Figure 4 shows the Morlet wavelet based analysis of the
MLT winds averaged for the altitude range 80–98 km during
February 2009. The wavelet spectrum also shows prominent
modulation of MLT winds at 3 and 5 day wave periods,
almost all the time during the observational period at the two
locations. Also the power of the UFK waves (3–5 day)
reduces as we move away from equator (Tirunelveli to
Kolhapur). Also there is one stronger peak between 5 and
10 days in Figure 4a, which we have also noted in the Fourier
analysis. However, the present study focuses on the oscilla-
tions with periods 3–5 day which are known to be associated
with UFK waves.
[15] Above results provide evidence that UFK waves

were present in the MLT zonal winds in both, equatorial
(Tirunelveli) and low-latitude (Kolhapur) locations. In order
to see the vertical propagation characteristics of the UFK
waves, we used the harmonic analysis using least squares
fitting for the zonal component between 3 and 5 days, with
an increment of 0.2 days during February 2009 (28 days) on
the mesospheric winds. The vertical profiles of the obtained
phase of these oscillations are shown in Figure 5 together
with the standard deviation. It is evident that the phase
decreases with height indicating the wave energy to propa-
gate upward. From the vertical phase propagation in zonal
wind (i.e., rate of change of phase with respect to height), the
vertical wavelengths are estimated to be 58 � 5 km, 27 �
0.5 km for Tirunelveli and Kolhapur data, respectively. In the
light that the vertical wavelength of UFK waves is highly
sensitive to the background winds [Forbes, 2000], the vari-
ation of vertical wavelength from Tirunelveli to Kolhapur
suggests that the waves might have underwent a Doppler
shift in the presence of higher mean winds which is clearly

Figure 3. (a) Fourier power spectrum of zonal and meridio-
nal winds from Tirunelveli MF radar averaged between 82
and 90 km. (b) Same as Figure 3a but for Kolhapur MF radar.

Figure 4. Wavelet (Morlet) power spectrum of daily
mean zonal winds in February 2009 over (a) Tirunelveli
and (b) Kolhapur averaged between 82 and 98 km.
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noticeable in Figure 2 that Tirunelveli winds were much
stronger (westward) than that noted over Kolhapur.
[16] Further, as the observed oscillations are due to Kelvin

waves with negligible meridional amplitudes (Figure 3), we
can apply the Kelvin wave dispersion relation to determine
the zonal wavelength, lx, using the following relation
[Holton et al., 2001],

lx ¼ T
lz

TN

� �
þ �u

� �
ð1Þ

where lz, vertical wavelength, TN the period of Brunt-
Väisälä frequency, T the wave period and ū is background
zonal wind (above relation has a caveat that it assumes that
zonal winds do not vary with longitudes which may not be
close to the reality). The Brunt-Väisälä period at 90 km is
400 s, which is estimated from TIMED/SABER tempera-
ture data over low-latitude region in the month of February
2009. After substituting these values in the equation (1),
the horizontal wavelength of UFK waves at Tirunelveli
and Kolhapur are calculated to be 43300 � 4500 km and
30648 � 1800 km respectively. The values are close to
the 39500 km and 38200 km circumference of circle of
latitudes at 9�N and 17�N latitudes respectively. This means
that the observed waves are planetary-scale ultrafast Kelvin
wave of zonal wave number 1. We also estimated the vertical
group velocity using the Kelvin dispersion relation [Holton
et al., 2001]

zð Þ
Cg ¼

∂w
∂m

¼ ∓Nk
�
m2 ð2Þ

Substituting the values for the horizontal wave number (k)
and vertical wave number (m) and Brunt-Väisälä frequency
(N), we found that the vertical group velocity of the UFK
waves is 16.8 � 1.2 km d�1.
[17] When we compare of observations with the UFK

wave signatures reported elsewhere, the �3 days wave per-
iods with vertical wavelength about 49 km in MLT zonal
wind fields are reported by Pancheva et al. [2004]. Using
simultaneous observations from two radars located at Jakarta
(6.4�S, 107.6�E) and Christmas Island (1.9�N, 157.3�W),
Riggin et al. [1997] also found a 3.2 Kelvin day period
with wave number 1. The radar observations of UFK waves
near equatorial radar sites have shown that the zonal wind
amplitudes to be in the range 10–30 ms�1 at upper meso-
spheric altitudes. Apart from the ground based observations,
UFK waves have also been characterized by the satellite
observations. Measurements from upper atmospheric research
satellite (UARS) provided evidences of UFKs with periods
of the order of 3–6 days with zonal wave numbers 1 and 2
[Canziani et al., 1994; Lieberman and Riggin, 1997]. Using
the TIMED/SABER satelliteGarcia et al. [2005] showed the
UFK waves in the MLT region having the amplitude of 4 K
with average vertical wavelength �40 km. Using the meteor
wind radar at Ascension Island (8�S, 14�W) and Aura MLS
satellite, Davis et al. [2011] characterized the UFK waves in
the MLT region during 2005–2010. The UFK with zonal
wave number 1 waves are found at periods 2.5–4.5 days with
average vertical wavelength of 44 km. It is also found a good
agreement is found between observations and Kyushu-
general circulation model (GCM). In addition to the obser-
vational reports stated above numerical simulation studies
also showed the existence and vertical propagation of UFK

Figure 5. Phase profile computed from harmonic analysis using least squares fitting for zonal winds
between 3 and 5 days between 82 and 98 km. Error bars indicate the standard deviations. The straight line
is fitted using the least squares method.
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waves into the MLT region [e.g., Forbes, 2000; Ricciardulli
and Garcia, 2000; Miyoshi and Fujiwara, 2006; Chen and
Miyahara, 2012]. Using the Global Scale Wave Model
(GSWM) simulations, Forbes [2000] predicted the penetra-
tion of UFK waves into the MLT region and that sug-
gested that these waves produce an eastward acceleration of
10 ms�1 d�1. It was also noted that the vertical wavelength
of UFK waves are highly sensitive to the Doppler shifting
due to background winds. In a further report, Miyoshi and
Fujiwara [2006] showed that the UFK waves could propa-
gate upward from troposphere to lower thermosphere with
duration of 10–60 days. Recently, Chen and Miyahara
[2012], shown the UFK waves in the Kyushu-GCM model.
It was found that UFK waves existed in 15–20 km and 30–
60 km altitude range and zonal accelerations caused due to
wave dissipation are in the range 8 and �0.5 ms�1 d�1.
Hence the UFK waves characteristics obtained in this study
are also similar to those of previous reports as stated above.
Our observed values of 3–5 day UFK wave, therefore, are in
general agreement with the above mentioned observations.
In the present study, we also show the latitudinal variation.

3.2. Planetary Wave Signatures in Ionospheric
Parameters
[18] Planetary waves are one of the important sources of

ionospheric oscillations at multiday periodicities. UFKs, in
particular, couple the MLT region and ionospheric region
either by modulation of the ionospheric electrodynamics or
direct propagation of the wave upward into the upper ther-
mosphere. For example, Forbes [2000] showed that the UFK
waves could propagate upward to the lower thermosphere
with zonal wind magnitude of about 10–40 ms�1 and tem-
perature perturbations of about 10–25 K at 100–150 km
region A number of studies have shown that planetary waves,
gravity waves and tides have their profound effects on the
thermosphere-ionosphere system [e.g., Lastovicka, 2006;
Rishbeth, 2006]. There are several reports that review the
effects of planetary waves of lower atmospheric origin in the

observed parameters of thermosphere-ionosphere system
[e.g., Kazimirovsky et al., 2003; Altadill et al., 2004]. A few
investigators have also shown the signatures of UFK waves
in the ionosphere [e.g., Takahashi et al., 2006, 2007]. As we
have seen in Figure 5, that there is an upward propagation of
UFK waves till the upper mesosphere, hence, with back-
ground wind at mesopause region being westward it is worth
investigating if the UFK wave with eastward phases propa-
gate higher to imprint their signatures on the day-to-day
ionospheric variability. We utilize the ionosonde observa-
tions over Gadanki during February 2009. Understanding the
complication of daytime and nighttime ionospheric processes
occurring in the F region, for example, during day time it is
affected by ionization and F region dynamo while during the
night plasma irregularity processes set in. Hence, to see the
day-to-day variation, we choose the base height of F region
(h’F) at fixed local time between 19:00 and 20:00 LT. The
day-to-day variability of the h’F is shown in Figure 6a. We
can see the modulations of the h’F in the time series. In order
to investigate the oscillations in more detail, Morlet wavelet
based analysis was performed on the daily h’F data during
February 2009 (Figure 6b). The periods which are greater
than the 95% significance level (measured by the Chi-square
fit) are contoured. The wavelet analysis shows that the
spectrum peaks at two periodicities, one between 3 and
5 days, which might be associated with UFK waves and
other, at 5–10 days. It is interesting that the 5–10 day oscil-
lation was also observed in the MLT winds over Tirunelveli
(Figure 4a) which we believe is also a signature of planetary
wave propagation, however as our data are limited for one
month duration to specifically to identify 3–5 day wave, we
avoid more discussion on 5–10 day wave. Figure 6b shows
the spectrum between 3 and 5 days peaks at two times during
the observational periods. Also we can observe the spectrum
is shifting toward the high-frequency side which might be
due to the Doppler shifting because of background winds.
It is also noted that there is some phase coherency in the
wavelet spectrum of ionospheric h’F variation with the MLT
winds of Tirunelveli (Figure 4a) in 3–5 day and 5–10 day
periodicity band. In order to confirm this, we examined
the cross-wavelet transform between the MLT winds from
Tirunelveli and h’F data (Figure 7). The cross-wavelet power

Figure 6. (a) Time series of ionospheric h’F observed at
Gadanki in the month of February 2009. (b) Wavelet analysis
for the time series of h’F shown in Figure 6a.

Figure 7. Cross-wavelet power of MLT winds over
Tirunelveli and ionospheric h’F over Gadanki.
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tells us the areas of high common power between the two
time series [Grinsted et al., 2004]. We can notice the com-
mon features of individual wavelet transforms in cross
wavelet analysis which maximize at 3–5 and 5–10 day peri-
odicities. This clearly suggests that the UFK waves noted at
mesospheric altitudes might have propagated to the iono-
spheric heights and modulated the F region parameters.

3.3. Planetary Wave Signatures in Mesospheric
Temperatures
[19] The present study so far has shown that UFK waves

noted at mesospheric altitudes have a link with the day-to-
day variability of base height of the F region of ionosphere.

In fact, earlier studies have reported the presence of 3 day
variation in the equatorial region extending from stratosphere
to ionosphere [Takahashi et al., 2007]. Hence, it is now
interesting to see the origin of these UFKs waves in the
stratosphere as well as in the troposphere. To see this, we use
the Rayleigh lidar temperature data during 12–26 February
2009 over Gadanki. We performed the Fourier analysis on
the nightly averaged temperature data at different altitudes.
Figure 8 plots the spectrum at altitudes of 45.5 km, 61.5 km
and 73.5 km.We clearly note that there is enhancement in the
3–4.5 day period band. Also the amplitude of the wave is
increasing with altitude owing to decrease in the density,
suggesting no dissipation/saturation of these waves. This
provides evidence that the wave has its origin in the lower
atmosphere. The temperature measurements from lidar are
taken up to �75 km, hence in order to see the UFK signature
still higher heights we make use of the temperature mea-
surements of TIMED/SABER satellite during 1–28 February
2009 over the latitude/longitude of 10�N–20�N/70�E–80�E.
We have examined the spectrum associated with daily tem-
perature using the Fourier analysis (Figure 9a). It is noticed
that there is clear signature of 3–5 days waves up to 90 km.
We also observe a 5–10 day wave which was noted also in
mesospheric winds over Tirunelveli and h’F. The phase
profile of the 3.8 day wave is shown in Figure 9b. The phase
profile clearly indicates the upward propagation of energy
into height heights. Hence, the TIMED/SABER satellite data
also support our observations of UFK waves and that these
waves are propagating upward in the MLT region.

3.4. Planetary Wave Signatures in Tropospheric Winds
[20] To further notice the origin of the 3–5 day waves, we

use the simultaneous observations from MST radar during
February 2009 (continuous wind measurements were avail-
able from 7 to 28 February 2009). The MST radar horizontal
wind measurements are shown in Figure 10. We notice that
there exists large day-to-day variability in the horizontal

Figure 8. Fourier spectrum of daily nighttime averaged
temperature from Rayleigh lidar over Gadanki during 12–
26 February 2009 at 45.5, 61.5, and 73.5 km.

Figure 9. (a) Fourier spectrum of daily temperature in February 2009 observed from TIMED/SABER
satellite over Gadanki between 70 and 90 km. (b) Phase profile of 3.8 day wave in temperature.
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winds. The lower troposphere is mainly dominated by the
westward winds but the middle and upper troposphere show
eastward winds. It can be noticed from the Figure 10 that
there exist some oscillations with periods of about 3–5 days.
Especially, the zonal winds show the descending phase with
height, which might be associated with the waves that are
propagating upward. In order to see those, we performed
the Fourier analysis on the zonal and meridional winds in
the middle troposphere, i.e., between 9 km and 14 km.
Figure 11a shows the spectrum associated with the horizontal

winds. The spectrum shows the zonal winds are clearly
modulated by 3–5 days periods with peak at �4.4 day. We
also note that the meridional wind spectra peaks near the
3.6 day. This peak might be associated with the Rossby-
gravity waves which are also generated in tropical atmo-
sphere [Sasi and Deepa, 2001]. But we can clearly notice that
the spectral power �4.4 day in meridional winds is drops to
zero. Since the Kelvin waves are linearly polarized and this
gives us strong impression that the spectrum �4.4 day in
zonal component is associated with Kelvin wave. The phase
propagation of the wave is shown in Figure 11b, which
shows that the wave is almost stationary in the lower and
middle troposphere. However, in the upper troposphere, i.e.,
above 14 km and in lower stratosphere, the phase decreases
with height indicating that the wave energy propagates
upward. Note that the background zonal winds in the upper
troposphere and lower stratosphere are in westward direction
(Figure 10a), which makes these eastward waves to propa-
gate upward easily without critical level filtering.
[21] In a nut shell, our investigations clearly show a

signature of UFK waves with periodicity 3–5 day in tropo-
spheric winds and their upward propagation. At stratosphere-
mesosphere-thermosphere system, we note similar waves to
propagate to higher altitudes in wind as well as temperature
fields. Further, under the westward winds conditions at
mesospheric altitudes, these waves could have propagated to
the ionospheric altitudes, a signature of which was noted as
3–5 day wave periodicity noted in ionospheric h’F vari-
ability. Further we show that amplitude of this wave over
Kolhapur was less than half compared to the wave amplitudes
noted over Tirunelveli.

4. Concluding Remarks

[22] The present study, for the first time, provides
evidence of UFK wave propagation from tropical troposphere
to the ionosphere in the Indian low-latitude belt. Using the
multi-instruments including two MF radars (one located at
Tirunelveli and other at Kolhapur), MSTRadar, Rayleigh lidar,
Ionosonde located at Gadanki along with the TIMED/SABER
satellite temperature measurements, the study illustrates the

Figure 10. Time-height section of MST radar (a) zonal and
(b) meridional winds during 7–28 February 2009 observed
over Gadanki.

Figure 11. (a) Fourier spectrum of zonal and meridional winds averaged between 9 and 14 km. (b) Phase
profile of �4 day wave in zonal wind.
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existence of UFK waves in the zonal wind fields in the MLT
region (80–98 km) at both the locations of Tirunelveli and
Kolhapur. The power of UFK waves reduced more than half
as we move from 8�N to 17�N. The phase propagation of
UFK waves in the MLT region was downward from 80 to
98 km, implying the energy associated with these waves
to move upward. The estimated vertical wavelengths of
the UFK waves are found to be �58 km and �27 km at
Tirunelveli and Kolhapur, respectively and the wave
number was found to be one. These waves were also
noted in the base height variation of the F region (h’F).
The cross-wavelet spectral analysis reveals high coherence
between MLT winds at Tirunelveli and ionospheric h’F
values at Gadanki, emphasizing that these waves had rele-
vance with the observed day-to-day variability of ionosphere.
Further, the Rayleigh lidar and TIMED/SABER observa-
tions reveal a downward phase propagation of these waves
indicating a coupling between stratosphere-mesosphere-
thermosphere through UFK waves. The tropospheric wind
measurements also indicate a clear signatures of these waves
and their phase show these waves to propagate up to the
stratosphere from the troposphere. Thus the present study
provides a strong evidence of coupling between different
regions of the atmosphere through UFK waves propagating
from tropical troposphere to the ionosphere.
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