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Abstract- It is now well established that internal gravity waves play
a significant role in the momentum and thermal budget of the
lower and middle atmosphere. This paper presents a comparison
of the momentum fluxes carried by gravity waves in two period
bands (< 2 h and 2-8 h). It is observed that the shorter period
gravity waves transport higher momentum fluxes in the upper
troposphere and lower stratosphere over Gadanki, a tropical
Indian station. Oscillations between 60-100 min are found to be
prominent and contribute significantly to the mean flux estimates.
The wavelet transform momentum flux spectra displayed the
temporal variability and discretization of the gravity wave
momentum fluxes in frequency and time.
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I. INTRODUCTION

Both theoretical and observational studies have confirmed that
internal gravity waves play a significant role in the momentum
budget and thermal structure of the lower and middle
atmosphere.  Substantial momentum fluxes of gravity waves
have been reported in the lower atmosphere due to mountain
waves [1], convection (e.g. [2]-[4]) and topography (e.g. [5]).
However, the frequency dependence of the flux has not been
investigated in-depth and the measurements reported from the
tropics are sparse.

Following the arguments of [6], [7] predicted that most of the
momentum flux in the lower stratosphere should be contributed
by high frequency gravity waves. But Momentum fluxes
estimated using radar measurements in the stratosphere have
shown larger contribution by waves of periods longer than 6
hours (e.g. [8]-[10]). These results were explained on the basis
of synoptic scale disturbances due to mountain waves. Gravity
waves of high frequencies ( less than 1 hour period ) are
observed to contribute more than 70% of the total flux at
mesospheric heights (e.g. [11]-[13]). But the report of [14]
undermine the frequency dependence of the flux estimate.
Using Jicamarca MST radar data, [7] made a detailed study of
the momentum flux estimates in the stratosphere and
mesosphere. They found that most of the flux was contributed
by waves at periods = 4 h in the stratosphere and =1 h in the
mesosphere. At shorter periods, momentum flux spectra
showed isotropic nature and contributed very little to the mean
flux due to cancellation.

Reference [15] reviewed the causes and effects of variability of

gravity wave forcing of the middle atmosphere and concluded
that variability appeared to be greatest among gravity waves
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with smaller spatial scales and periods that account for the
majority of energy and momentum transport, particularly at
middle and higher latitudes. The scenario is not so clear for low
latitudes. The primary goal of the present paper is to address the
controversial topic of frequency dependence of momentum flux
of gravity waves in two period bands (<2 h and 2-8 h) and to
ascertain their contributions to the mean flux estimates in the
troposphere and lower stratosphere over a tropical site, Gadanki.

II. RADAR DATA AND ANALYSIS PROCEDURES
The MST radar at Gadanki (13.5° N, 79.2° E) operates at a
frequency of ~53 MHz in a coherent back scatter mode with an

average power aperture product of ~7X10°wWm? and provides
an excellent opportunity to study mesoscale processes like
gravity waves with a height resolution of 150 m in the
troposphere and lower stratosphere. A detailed description of the
system is available in work by [16]. Wind data obtained with the
radar on four days (15-16 July, 2004; 18-19 April, 2005; 10-11
December, 2005; 12-13 February, 2006) continuously for ~ 24,
26, 32 and 32 hours respectively have been used for the present
study. The data gaps on the corresponding days are ~ 2.5, 1.5,
3.5 and 2 min respectively. There were two small data gaps on
10-11 December, 2005 which have been spline interpolated to
obtain a continuous data set. Outliers were removed by taking a
mean wind in 1-hour section for each height and discarding
values exceeding 1.7 times the standard deviations. The time
series of radial velocities were detrended (subtracting the mean)
and filtered appropriately using a fourth order Butterworth filter
to retain wind oscillations with periods <2 h and between 2-8 h.
The vertical fluxes of horizontal momentum were then estimated
for each day using conjugate beam method developed by [17].
The momentum flux profiles were smoothed by taking a three-
point running mean with weighted average and averaged over
each day to obtain mean zonal and meridional momentum flux
profiles which are illustrated in Fig. 1. Standard errors have
been plotted at a few heights on each profile.

111, RESULTS AND DISCUSSION

A. Momentum Fluxes
Momentum flux being a product of velocity fluctuations is a
small and inherently noisy quantity which demands an adequate
averaging to get a meaningful estimate (e.g. [18], [7]).
Reference [19] reported that an optimum beam angle between 9°
- 12° and an integration of at least 15-16 hours are needed to
minimize the error in momentum flux measurement to a
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Fig. 1 Upper Panel: Comparison of zonal momentum flux
profiles of < 2 h (thick line) and 2-8 h (thin line) for 15-16 July
2004 (a); 18-19 April 2005 (b); 10-11 December 2005 (c) and 12-
13 February 2006 (d). Lower panel: Same as upper panel, but
for meridional winds (e, f, g, h).

minimum, irreducible value. The MST radar at Gadanki
operates at an optimum angle of 10° and the data length on each
of the experimental days of the present study exceeds the
minimum required time of averaging leading to reliable
estimates of the fluxes. Mean zonal and meridional momentum
flux profiles of all the days for <2 h and 2-8 h gravity waves are
shown in the upper and lower panels of Fig. 1. Standard errors at
a few heights are depicted by horizontal bars which are found to
be an order smaller than the flux estimates enhancing our
confidence in the measurements. Momentum flux of shorter
period (<2 h) gravity waves is found to dominate in the upper
troposphere and lower stratosphere on all the four days which
agrees quite well with the estimate provided by [6] and the
arguments given by [7] for the lower stratosphere. But the
present results contradict the reports of several workers from
mid-latitudes (e.g. [9],[10]). Fig. 1 shows significant variability
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of momentum flux on different days which is more prominent
on 12-13 February when it is found to be a few times larger
compared to other days despite comparable magnitudes of the
velocities.

B. Momentum Flux Frequency Spectra

The frequency spectra of momentum flux on all the days were
derived by subtracting the spectral densities obtained with the
pair of east-west and north-south frequency spectra and dividing
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Fig. 2 Left panel: Frequency spectra of short period (<2 h)
zonal (thick line, left hand ordinate) and meridional (thin line,
right hand ordinate) momentum fluxes in flux content form for
15-16 July 2004 (a); 18-19 April 2005 (b) ; 10-11 December 2005
(c) and 12-13 February 2006 (d) in the troposphere. Right
panel: Same as left panel but for stratosphere (e, f, g and h).

the resultant spectral density by 2sin26, where 0 is the beam
pointing angle [13]. The momentum flux frequency spectra were
then averaged over the altitudes between 4-15 km and 17-20 km
and are shown in Fig. 2 and Fig. 3 for <2 h and 2-8 h gravity
waves respectively. Error bars plotted on the spectra indicate
95% confidence level of spectral stability. Zonal and meridional
spectra, in general, display similar nature for both the period
bands with higher values for the zonal component. The zonal
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Fig. 3 Same as Fig. 2 but for 2-8 h gravity wave.

wind over Gadanki is mostly westward during the months of
May-October in the middle and upper troposphere which slowly
changes its sign above ~20km. It is eastward in the same altitude
region between November and April. Easterly jets prevail below
the tropopause during the Indian summer monsoon (June, July,
August) with strong wind shear which contributes to the
enhancement of gravity wave momentum flux. The momentum
flux spectra of 15 July, 2004 in the stratosphere are found to be
more isotropic in nature. Correlation between momentum flux
and wind shear in the stratosphere is found to be quite
appreciable in this case.

Convection is also a major source of gravity wave activity in
this tropical station and its characteristics are very different. The
ground temperature in the month of April is found to be very
high with lager values of storm height [20]. Localized
convection is found to be intense with large raindrop size
distribution [21] and becomes an important source of gravity
wave in this month. The zonal/meridional spectra on 18-19
April 2005 are predominantly eastward/southward. The
convective activity develops in to a more organized system in
the months of July-August. Shorter periods (50-75 min and 2-4
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h) are found to be more prominent in the months of July and
April when convection is intense.

Topography is also supposed to be an important source of
gravity waves with horizontal wavelengths of tens to hundreds

of kilometers. The north-east surface winds of ~ 4-5 ms "
magnitude crosses sharp ridges of ~ 1000 m altitude on the
north-east side of Gadanki during the months of November,
December, January and are likely to give rise to gravity waves
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Fig. 4 Upper panels: Momentum flux wavelet transforms for the
altitude region between 17-20 km for 15-16 July 2004 (a); 18-19 April
2005 (b) ; 10-11 December 2005 (c) and 12-13 February 2006 (d) for <2
h gravity wave. The momentum fluxes are normalized to the maximum
magnitude and the scale includes positive and negative values. Lower
panels: Same as upper panels but for 2-8 h (g, f, g, h) gravity wave.

Figurs &;

[20]. The stratospheric momentum flux spectra of December
and February show the prominence of little longer period (60-90
min and 5-6 h) gravity waves suggesting possibly a greater
contribution due to topography. So the sources of gravity waves
appear to be different for different seasons.

In general structures are found to be similar for both <2 h and 2-

8 h gravity waves. Oscillations in the 60-100 min period band
dominate over the very short period (<1 h) spectra which are
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observed to be more isotropic. Reference [7] also reported that
wave packets with periods less than an hour may individually
carry significant momentum but contribute little to the
integrated spectrum in the stratosphere. But their observations
that most of the momentum flux is carried by waves at periods
>4 h in the stratosphere does not agree with our findings.
Jicamarca is a tropical site in the southern hemisphere and
hemispheric asymmetry could be responsible for this
discrepancy. Periods between 2.5 to 6 h are found to be
prominent in the 2-8 h gravity wave band (Fig. 3) which show
both positive and negative peaks leading to lesser values of flux
estimates in the mean profiles compared to the <2 h fluxes.
Background wind profiles (figure not shown) are found to be
directed mostly opposite to the momentum flux particularly in
the stratospheric region which can be considered as the
propagating region. In general gravity waves are known to

propagate upward when they move against the background wind.

C. Wavelet Transform Momentum Flux Spectra

The wavelet transform is ideally suited to look into the temporal
localization of the forcing and the corresponding dominant
periods. The wavelet transform momentum flux spectra were
obtained by subtracting the wavelet transforms of the radial
velocity variances of two symmetric beams using Morlet
wavelet and then normalizing them to a peak value of £1 at the
highest variances. Fig. 4 displays the wavelet transforms of the
stratospheric zonal momentum fluxes in two period bands (<2 h
and 2-8 h) for all the four days. Short period (<2 h) fluxes are
observed to be confined mostly within the cone of influence
whereas the estimates of 2-8 h band show stronger fluxes to be
out of the cone thereby reducing its significance. Significant
variability with time can be seen on each day which cannot be
appreciated form the mean profiles and frequency spectra of
momentum flux. The diagrams of Fig. 4 can be compared with
the corresponding stratospheric zonal spectra of Fig. 2 and Fig.
3 (e, f, g, h) to derive some meaningful insight of the variability.
Fig. 4a shows numerous positive and negative estimates for <2 h
gravity waves with time for periods between 10- 90 minutes
which can also be seen in Fig. 2e. The Fig. 4b depicts discrete
packets of momentum flux estimates only in the time interval
between 18- 09 h (LT) with an average flux which is positive for
a wave period at ~ 60 — 64 min (Fig. 2f). Fig. 4e and Fig. 4d also
show variation of positive and negative fluxes of high frequency
gravity waves with time leading to an average positive
(eastward) flux (Fig. 2g and Fig. 2h). A similar comparison can
be carried out for Fig. 4(e, f, g, h) with corresponding Fig. 3(e, f,
g, h) which reveal that only a few events seem to contribute
significantly to mean momentum fluxes and dominate the
averages. A similar observation was made by [15]. The wavelet
transforms of meridional momentum fluxes also show similar
features (Figure not shown).
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IV. SUMMARY

This paper addresses an important issue of comparison of
momentum fluxes carried by gravity waves in two period bands
(<2 h and 2-8 h) and is the first of its kind using radar data of a
tropical Indian site in the northern hemisphere. The long data
sets used in the present study has led to meaningful estimates of
the flux which are found to be an order higher than the
corresponding errors. Gravity waves of <2 h period are observed
to carry higher momentum fluxes compared to 2-8 h periodicity
in upper troposphere and lower stratosphere. Oscillations
between 60-100 minutes are found to be stronger and carry most
of the flux estimates whereas for periods <1 h, the flux is more
isotropic and contribute little to the mean momentum fluxes. In
the longer period band, prominent oscillations between 2.5 -6 h
are found to be isotropic in nature leading to lesser mean flux
estimates in the stratosphere. Wavelet transforms show
significant variability and localization of the estimates with time.
The dominant gravity wave momentum fluxes are found to arise
from discrete and localized wave packets in frequency and time.
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