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In the present communication, first results from an 
experiment to measure intrinsic frequency spectrum of 
atmospheric gravity waves using balloon-borne quasi-
Lagrangian frame of reference observations in the 
mid-stratosphere over a tropical station, Hyderabad 
(17.4°N, 78.2°E) are discussed. A zero-pressure poly-
ethylene balloon with GPS-sonde payload was drifted 
at ~31 km altitude for a horizontal distance of ~100 km 
for measuring pressure, wind and temperature at 1 sec 
temporal resolution. The measured altitude of the bal-
loon showed variability within ±100 m, thus ensuring 
a near horizontal drift. These observations are used to 
estimate the intrinsic frequency spectrum of gravity 
waves in the mid-stratosphere over an Indian observa-
tional site. The successful experiment has opened up a 
new avenue for studying not only the stratospheric 
gravity wave dynamics, but also for exploring the hori-
zontal mapping of stratospheric trace gases.  
 
Keywords: Balloon-borne experiment, gravity waves, 
intrinsic frequency spectrum, stratosphere, trace gases. 
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ATMOSPHERIC gravity waves, also known as buoyancy 
waves, are one of the ubiquitous phenomena in the earth’s 
atmosphere. Excited in the lower atmosphere, these 
waves propagate vertically up and have profound impact 
on the structure and dynamics of the middle and upper 
atmosphere1,2. These waves vertically couple the various 
layers of the earth’s atmosphere by transporting energy 
and momentum. The mean flow acceleration imparted by 
these waves is one of the contributors in driving the long-
period atmospheric oscillations such as the quasi-biennial 
oscillation and semi-annual oscillation in the equatorial 
middle atmosphere2–4. The main sources of gravity waves 
are orographical features, atmospheric convection, wind 
shears, frontal systems, jet streams and other secondary 
generative mechanisms like breaking of tides/planetary 
waves and general instabilities that can exist at all heights 
in the atmosphere1,5,6. One of the intriguing aspects of the 
atmospheric gravity waves is their universal frequency and 
wavenumber spectra7. It has been noted that the wave-
number and frequency spectra of gravity wave-induced 
perturbations in geophysical parameters exhibit similar 
characteristics in the saturated regime, irrespective of the 
time of observation or geographical location over which 
it is measured.  
 Several observation techniques are widely employed 
for the study of gravity waves, such as rocket sounding8, 
aircraft/balloon measurements9–11, radar3,12, lidar13, and 
satellite observations4,14. Most of these observations, except 
aircraft, provide the vertical wavenumber as well as fre-
quency spectra. On the other hand, aircraft measurements 
provide horizontal wavenumber spectra of gravity waves, 
which are limited to the troposphere. Majority of these 
ground- and space-based observations provide Doppler-
shifted frequency of the gravity waves rather than their 
intrinsic frequency. These two frequencies are related by 
the following equation 
 
 ω i = ω D – Uk, 
 
where ω i is the intrinsic frequency, ω D the Doppler-shifted 
frequency, U the wind in the direction of wave propaga-
tion and k is the horizontal wavenumber. The frequency 
that would be observed in a frame of reference moving 
with the horizontal background wind is the intrinsic fre-
quency and is one of the important parameters in gravity-
wave studies. However, it is difficult to measure the  
intrinsic frequency of the gravity waves directly in the 
middle atmosphere using conventional measurement 
techniques such as vertical balloon sounding, radar and 
lidar. In most studies this parameter is indirectly inferred 
from theoretical assumptions. Hertzog and Vial15 studied 
the intrinsic frequency spectra of gravity waves using  
superpressure balloons (SPBs). They employed ultra-long-
duration balloons over the equatorial region to characterize 
the gravity waves with special emphasis on momentum 
fluxes. Recently, in an effort to provide worldwide internet 

coverage under Project Loon, several SPBs were laun-
ched continuously in the lower stratosphere. They meas-
ure wind, temperature and pressure with very high 
temporal and spatial resolution, which is useful for cha-
racterizing the intrinsic spectra of gravity waves10.  
 Though there are several observations of gravity waves 
right from the troposphere to the thermosphere over the 
Indian region, to the best of our knowledge, there have 
been no attempts in the past to measure the intrinsic fre-
quency spectrum in any part of the atmosphere. In view 
of this an experiment was designed and carried out by 
drifting a zero-pressure polyethylene (ZP) balloon along 
with a GPS sonde in the horizontal direction in the stra-
tosphere at ~31 km to measure wind, temperature and 
pressure for about 100 km distance from the Tata Institute 
of Fundamental Research-Balloon Facility (TIFR-BF) at 
Hyderabad. To the best of our knowledge, such experi-
ments to study the high-frequency atmospheric gravity 
waves over the Indian region have not been conducted 
earlier. However, Appu et al.16 carried out an experiment 
by horizontally drifting a balloon at 900 hPa (~1 km alti-
tude) to study the spatial distribution of meteorological 
parameters over the Arabian Sea and Indian Ocean region. 
An Indo-French joint scientific team released a total of 17 
constant-altitude balloons to study the transportation of 
aerosols and trace gases. This experiment was limited to 
atmospheric boundary-layer measurements, whereas the 
present experiment focuses on the lower stratospheric 
measurements.  
 Figure 1 a shows a photograph depicting the prepara-
tion of a balloon launching on 13 September 2019 from 
TIFR-BF. The balloon was launched around 00:26 (IST) 
with a team of experts at the Balloon Facility and its hori-
zontal drifting was started at around 31 km altitude. Fig-
ure 1 b shows the track of the balloon derived from GPS 
coordinates. It depicts the vertical ascent, horizontal drift 
and descent of the balloon as a function of longitude, lati-
tude and altitude. The horizontal drift of the balloon was 
about 100 km at 31 km altitude. Though there was scope 
for drifting of the balloon for a larger distance, it was re-
stricted to 100 km considering the recovery of flight-
control instrumentation after the experiment. Given the 
high wind speed at 31 km altitude, it will be difficult to 
recover the flight-control instrumentation and thus the 
experiment was terminated at a preset time. With this ex-
perimental set-up, the drifting of the balloon was perfectly 
achieved in the mid-stratosphere. Figure 1 c shows the 
vertical profile of temperature in the troposphere and 
stratosphere up to 31 km altitude, after which horizontal 
drifting started. One can notice the oscillatory nature of 
the temperature field in the stratosphere owing to the pro-
pagation of atmospheric waves. The cold-point tropopause 
altitude was found to be around 18.5 km in this profile. 
Figure 1 d shows the vertical profile of zonal and meri-
dional winds derived from the rate of change of position 
of the balloon. The vertical profile of zonal winds shows 



RESEARCH COMMUNICATIONS 
 

CURRENT SCIENCE, VOL. 122, NO. 1, 10 JANUARY 2022 100 

 
 
Figure 1. a, Photograph depicting preparation for the balloon experiment at the TIFR Balloon Facility in Hyderabad. b, Path of the balloon re-
trieved from the GPS receiver. c, Vertical profile of temperature. d, Vertical profiles of zonal and meridional winds on 13 September 2019.  
 
 
the signature of tropical easterly jet (TEJ) at 16.5 km alti-
tude with peak magnitude of 42 ms–1. The zonal wind 
profile also shows large westward winds of the order of  
–50 ms–1 at 31 km altitude, where the balloon started its 
horizontal drifting. On the other hand, meridional winds 
are benign throughout the troposphere and stratosphere 
with magnitudes within ±15 ms–1. The meridional wind 
profile exhibits a wave-like structure, especially in the 
stratosphere.  
 Figure 2 shows the various parameters measured dur-
ing the horizontal drift of the balloon. These measure-
ments are useful in estimating the intrinsic frequency 
spectra of gravity waves, as discussed earlier. Figure 2 a 
shows the altitudinal variation of the balloon during the 
horizontal drift. It is interesting to note that the deviation 
of the balloon from the mean altitude (31.6 km) was within 
±100 m. To be precise, the altitude variation was within 
±50 m for most parts of the drift. This particular observa-
tion confirms the horizontal drifting of the balloon and 
thus the success of the experiment. Figure 2 b and c 
shows the pressure and temperature variations along the 
balloon path. The pressure perturbations were within 
±0.15 hPa and those of temperature within ±5 K. Though 
the stratosphere is stable, significant horizontal tempera-

ture perturbations were observed due to the propagation 
of atmospheric waves. The temperature perturbations 
caused by these waves drive the stratosphere away from 
the radiative equilibrium. Figure 2 d and e shows the zonal 
and meridional winds along the balloon path. Zonal 
winds as strong as 45 ms–1 were observed during the ex-
periment whereas meridional winds of the order of 5 ms–1 
were observed at the balloon floating altitude.  
 The main objective of the experiment was to demon-
strate the capability for horizontal drifting of the balloon 
and to estimate the intrinsic frequency of the gravity 
wave spectrum. The measurements made by the drifting 
balloon are in the frame of reference of disturbance. The 
observations depicted in Figure 2 span for ~32 min and 
thus only high-frequency part of the spectra can be esti-
mated using these measurements. In fact, one should have 
long-duration measurements to completely estimate the 
gravity wave intrinsic frequency spectrum right from iner-
tial frequency to Brunt–Väisälä frequency (BVF). Figure 
3 shows the estimated intrinsic frequency spectra of the 
measured geophysical parameters. The mean removed 
perturbations were subjected to Fourier analysis to esti-
mate these spectra. Figure 3 a shows the intrinsic fre-
quency spectra of zonal and meridional winds. The zonal 
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winds show a peak at 0.0013 cycles/sec (~12.6 min period), 
whereas the meridional wind spectrum shows a peak at 
0.0022 cycles/sec (~7.5 min) corresponding to BVF. The 
zonal wind spectrum also shows a broad peak at BVF 
ranging from 0.0022 to 0.0035 cycles/sec. Figure 3 b de-
picts the intrinsic frequency spectra of pressure and vertical 
displacement of the balloon. A striking feature of these 
two spectra is the prominent peak at BVF. It is known 
that BVF is a vertical oscillation and will be prominently 
seen in the vertical velocity as well as related parameters. 
Pressure and vertical displacement being closely related 
with the vertical velocity, BVF is prominently observed 
in these two parameters. This particular feature vouches 
for the successful measurements of spatially varying geo-
physical parameters at a given altitude by horizontal 
drifting of the balloon. Figure 3 c shows the intrinsic fre-
quency spectrum of temperature perturbations. The tem-
perature perturbations were normalized with the mean 
temperature before Fourier analysis. This spectrum also 
shows a broad peak at ~0.0022 cycles/sec corresponding 
to BVF. The BVF values inferred from each spectrum 
 
 

 
 
Figure 2. Time series of (a) altitude of the balloon, (b) pressure, (c) 
temperature, (d) zonal wind and (e) meridional wind measured during 
horizontal drifting on 13 September 2019.  

shown in Figure 3 are displayed in Table 1, which also 
shows the mean BVF in the 25–30 km altitude estimated 
from the vertical profile of temperature shown in Figure 
1 b, as well as a typical value for the tropical stratosphere 
in the same height range. There are slight differences in 
the estimated BVF from the temperature profile and those 
inferred from the spectra. This can be attributed to some 
extent to frequency resolution of the spectrum. It is also 
to be noted that the BVF estimated from temperature pro-
file is a point observation, whereas the spectrum is esti-
mated using observations spreading over ~100 km. The 
BVF estimated using frequency spectra is lower than the 
typical values reported in the literature. This will have 
implications while estimating the saturation amplitudes of 
gravity waves as well as their momentum fluxes using 
polarization relation in numerical models as well as ob-
servations. However, the BVF values estimated from 
spectra are instantaneous, whereas typical values are from 
climatology. The intrinsic frequency spectrum of temper-
ature can be used to estimate the gravity wave momentum 
fluxes, which is one of the important parameters to quan-
tify the gravity wave impact on background winds. In 
principle, gravity wave momentum flux (u′w′) can be esti-
mated directly if gravity wave perturbations in horizontal 
(u′) and vertical (w′) winds are known. However, vertical 
wind observations at gravity-wave scales are not possible 
in the stratosphere. The only instrument that can measure 
vertical velocities of clear air is the VHF radar and its 
measurements are limited to 22 km altitude in the lower 
stratosphere. In the absence of direct vertical velocity 
measurements, one can apply the gravity-wave polariza-
tion relation and derive an expression for their momentum 
fluxes. This formulation requires knowledge of intrinsic 
frequency, which is difficult to measure using ground-
based measurements as the observed frequencies will be 
Doppler-shifted. Using the present experiment with relati-
vely longer duration, we can measure the intrinsic frequency 
spectra which can be directly employed to estimate the 
gravity-wave momentum fluxes. Atmospheric gravity 
waves being a sub-grid-scale process are parameterized in 
the numerical models. In a typical parameterization 
scheme, a source spectrum of gravity waves with specified 
 
 
Table 1. Brunt–Väisälä frequency (BVF) estimated from the spectra
  depicted in Figure 3  

 
Parameter  

BVF derived from the spectrum 
(cycles/sec) 

 

Zonal wind  0.0026 
Meridional wind  0.0022 
Temperature  0.0022 
Pressure  0.0026 
Displacement  0.0026 

Mean (25–30 km) BVF estimated from temperature profile: 0.0035 
(cycles/sec). 
Typical BVF observed in the tropical stratosphere: 0.0032 (cycles/sec).



RESEARCH COMMUNICATIONS 
 

CURRENT SCIENCE, VOL. 122, NO. 1, 10 JANUARY 2022 102 

 
 
Figure 3. Intrinsic frequency spectrum of (a) zonal and meridional wind perturbations, (b) vertical displacement and pressure, and (c) normalized 
temperature perturbations on 13 September 2019. Black arrows indicate peaks corresponding to Brunt–Väisälä frequency and numerical values pro-
vide the corresponding magnitudes (cycles/sec).  
 
 
amplitudes as a function of phase speeds is assumed, and 
the same is propagated from the upper troposphere to the 
middle atmosphere with complete physics of gravity-
wave propagation. At each height interval (~1 km), the 
gravity-wave momentum flux is estimated after verifying 
wave-breaking and saturation. If parameterization schemes 
provide anomalous gravity-wave momentum fluxes, based 
on the observational statistics, these fluxes can be con-
strained. Thus by estimating the gravity-wave momentum 
fluxes one can constrain the parameterization schemes. 
The results discussed here are preliminary in nature and 
long-duration balloon measurements are needed to com-
pletely characterize the gravity-wave spectrum right from 
inertial frequency to BVF.  
 The important result from the present study is the demon-
stration of horizontal drifting of the balloon at TIFR-BF. 
With this successful flight, it is planned to carry out a 
campaign with long-duration balloon flights and addi-
tional payloads along with a communication module to 
upload data to a geostationary satellite. A preliminary 
survey to carry out the long-duration balloon experiment 
over the Indian region has been done. It was found that re-
leasing a balloon over the Andaman and Nicobar Islands, 
horizontally drifting the balloon in the mid-stratosphere 
during the westward phase of the quasi-biennial oscilla-
tion and then collecting the payload over southern India 
can provide measurements up to ~1500 km. Such experi-
ments can provide additional information on stratospheric 
gravity waves in the quasi-Lagrangian frame of reference, 
which in turn is useful in constraining the gravity-wave 
parameterization schemes in numerical models, as dis-
cussed earlier.  
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