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Abstract. MST radars are powerful tools to study the meso- horizontally and vertically and they can also be important in
sphere, stratosphere and troposphere and have made conskmbth the large- and small-scale dynamics of the atmosphere
erable contributions to the studies of the dynamics of thethrough their vertical transport of horizontal momentum and
upper, middle and lower atmosphere. Atmospheric gravityenergy, and through complex wave/turbulence interactions.
waves play a significant role in controlling middle and up- The upward propagating waves with increasing amplitude
per atmospheric dynamics. To date, frontal systems, conhave the ability to transfer momentum and energy, and to
vection, wind shear and topography have been thought to bdeposit the same in the upper atmosphere through dissipa-
the sources of gravity waves in the troposphere. All thesetion. The MST radars have established the importance of
studies pointed out that it is very essential to understand thgravity waves in the lower stratosphere and troposphere re-
generation, propagation and climatology of gravity waves. Ingions and are diagnostic of the dynamics of the troposphere
this regard, several campaigns using Indian MST Radar oband stratosphere. Recent theoretical studies on gravity waves
servations have been carried out to explore the gravity wavédnave shown the importance of excitation and vertical propa-
activity over Gadanki in the troposphere and the lower strato-gation of gravity waves and their forcing on the large-scale
sphere. The signatures of the gravity waves in the wind fieldsirculation and structure of the lower and middle atmosphere.
have been studied in four seasons viz., summer, monsoon, Considerable progress has occurred in our understanding
post-monsoon and winter. The large wind fluctuations wereof middle atmosphere gravity waves in the four decades since
more prominent above 10 km during the summer and mon+the pioneering study by Hines (1960). A thorough review
soon seasons. The wave periods are ranging from 10 minef the understanding of the processes responsible for gravity
175min. The power spectral densities of gravity waves arewave saturation, and its effects and variability of saturation
found to be maximum in the stratospheric region. The ver-is given by Dunkerton (1989) and Fritts (1989). Recently,
tical wavelength and the propagation direction of gravity Fritts and Alexander (2003) have reviewed the gravity wave
waves were determined using hodograph analysis. The redynamics and effects in the middle atmosphere. In spite
sults show both down ward and upward propagating wave®f the importance and significant advancements, only very
with a maximum vertical wave length of 3.3km. The grav- few studies are available in the tropical latitudes. Owing to
ity wave associated momentum fluxes show that long periocdsmaller temporal and spatial scale sizes of cumulus convec-
gravity waves carry more momentum flux than the short pe-tion, its observations at meso-scale using existing techniques
riod waves and this is presented. like rockets and satellites have been extremely difficult. Sig-

Keywords. Meteorology and atmospheric dynamics (Con- nificant improvements in the MST radar technique have led

vective processes; Middle atmosphere dynamics; Tropica?0 study the§e wave phenomena with Iargg Spat"’.’“ and tem-
meteorology; Waves and tides) poral resolutions (Balsley and Gage, 1980; Worthington and

Thomas, 1997; Chang et al., 1997). VHF radar is a promising
tool to study such events and their dynamical effects, because
MST radars offer the unique capability of directly measuring

1 Introduction the vertical velocity and also horizontal velocities with high

. . ) ) spatial and temporal resolutions. Although vertical motions
Gravity waves play an important role in transporting the 5re of several orders of magnitude smaller than horizontal

momentum and energy through longer distances, bOtr'f‘notion,they are important for studying dynamical processes
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Most of the sources for the generation of gravity wavesactivity in the lower stratosphere was larger at low latitudes
lie in the troposphere (Fritts and Nastrom, 1992). The high-and maximized during the winter at mid-latitudes and dur-
frequency gravity waves dominate energy and momentuning the wet season (December to February) at low-latitudes.
transport, and these waves propagate nearly vertically an&aroly et al. (1996) have shown the existence of seasonal de-
are thus more likely to evoke localized responses in the midpendence in the occurrence of convection waves in the trop-
dle atmosphere to local sources at lower levels. Many effortdcs. The analyses of satellite data have provided a global
in the past had been made to study the sources of short-periodew on gravity wave activities which represents their sea-
gravity waves. Some of the sources have been identified asonal and vertical variations, as well as geographic patterns
topography (Nastrom et al., 1987; Nastrom and Fritts, 1992)(Fetzer and Gille, 1994; Wu and Waters, 1996). These obser-
convective and frontal activity (Clark et al., 1986; Fritts and vations suggest that the tropical region acts as a significant
Nastrom, 1992) and wind shear (Fritts, 1982, 1984), unstableource for the generation of gravity waves.
wind shears and convection (Fritts et al., 1984 and Nastrom Fritts and Nastrom (1992) analysed Global Atmospheric
etal., 1990). Karoly et al. (1996) have shown the existence oSampling Program (GASP) data collected by commercial
seasonal dependence in the occurrence of convection wavedrcraft, as well as meteorological satellite data, in order
in the tropics. There have been a few important observato determine the influence of gravity wave sources near the
tions on the generation of gravity waves due to convectiontropopause on horizontal velocity and temperature variances.
processes using VHF radars (Fritts and Nastrom, 1992; Satd;hey found that the mean variances increased considerably
1993; Sato et al., 1995) which showed strong wind fluctua-with the presence of a jet stream, frontal activity, as well as
tions, like gravity waves associated with a cold vortex, usingnonfrontal convection. Using radiosonde observations Tsuda
the MU radar at Shigaraki, Japan. Shibagaki et al. (1997) reet al. (1994a) showed that gravity waves were mostly gen-
ported on intensive observations of a vertical wind patternerated in the middle troposphere and that the waves which
near “Baiu Front”, using VHF (MU radar) and other mi- reached the stratosphere were propagating upward.
crowave radars. It is considered highly desirable to formalise the sta-

Studies of gravity wave excitation sources (Nastrom andtus of gravity wave efforts engaged in long-term and cam-
Fritts, 1992; Fritts and Nastrom, 1992) showed that the windpaign studies of an important and poorly understood region
velocity variance, which is considered to be an index of grav-in the atmosphere, which includes the mesopause and the
ity wave activity, enhanced over rough terrain, and also durtropopause, including the dynamo region. It is the region
ing events of jet stream enhancement, fronts, and strong corthrough which the mesosphere, stratosphere and troposphere
vection. Tsuda et al. (1994a) reported that in the equatorialre dynamically coupled, and hence bear relevance to the
region, gravity wave generation was typically associated withoverall theme of stratosphere-troposphere exchange (STE).
deep convection. Dhaka et al. (2001, 2002) showed gravity In this regard, several campaigns using Indian MST Radar
wave activity associated with convection over a tropical re-have been carried out to explore the gravity wave activity
gion by using Indian MST Radar. These waves have typi-in the troposphere and the lower stratosphere. In this pa-
cally periods of a few tens of minutes. The generation ofper observational evidence for the generation and propaga-
gravity waves has also been attributed to various instabilitytion of short period gravity waves from a tropical easterly
mechanisms occurring in the tropospheric region. Kelvin-jet stream, convection, and wind shear over the Indian sub-
Helmholtz instability is one such kind. These unstable wind continent is presented. The signatures of the gravity waves
shears are common sources of vertically propagating gravityn the wind fields have been studied in the troposphere and
waves in the atmosphere (Fritts, 1982). Jet streams are idemewer stratosphere. The large wind fluctuations are more
tified as a source of gravity wave generation (Fritts and Luo,prominent above 10 km during the summer and monsoon
1992). One possible source of long-period gravity waves inseasons. The dominant wave periods and their height profiles
the atmosphere is the jet stream (e.g. Schubert et al., 198@&f amplitudes are studied. The vertical wavelength and the
Fritts and Luo, 1992; Luo and Fritts, 1993; Sasi et al., 1998).propagation direction of gravity waves are determined using
Near the jet stream maximum wind shears are very highhodograph analysis, are also presented. A method of com-
providing conditions favorable for the occurrence of shearputing the vertical flux of zonal and meridional momentum
instability and the generation of gravity waves. Tsuda etfluxes associated with gravity waves from the radial veloci-
al. (1994a), using radiosondes, measured the variability irties in two orthogonal beams measured by the Indian MST
gravity wave activities over a station in Indonesia (.57 Radar at Gadanki (13*%, 79.2 E) is presented. Alexan-
112.68 E) and suggested a correlation between convectiorder and Pfister (1995) studied the vertical flux of horizontal
and enhancement in the gravity wave activities. Ogino etmomentum carried by short horizontal scale gravity waves
al. (1995) studied a data set of rawinsondes launched fronfi,=10-100 km) using aircraft measured winds in the lower
a research vessel which sailed from®° 5425 N over the  stratosphere. Chang et al. (1997) used ST radar data from
Western Pacific and pointed out that the tropical convectionChristmas Island to study tropospheric gravity waves, and
system acts as a major tropospheric source for gravity waveghey found a broad range of frequency associated with grav-
It was further seen that gravity wave activity in the tropics, ity wave activity in the troposphere. The derived flux values
particularly in the wet season, is larger than in the subtropicsagree well with the values obtained from MU radar and by
(Allen and Vincent, 1995). They also found that gravity wave Rao et al. (1997), Dhaka et al. (2001).
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This paper is organized as follows. The system descriptiomointed towards 6 beam directions viz., east, west, north,
and database are discussed in Sect. 2. In Sect. 3 methoddeuth, inclined at an angle of 1@rom the zenith and along
ogy used for the present study and the calculation of gravitytwo vertical beams, one in east-west polarization and the
wave momentum fluxes are presented. In Sect. 4 results another in north—south polarization. For all six beam direc-
discussions about the background wind field, time evolutiontions, mean radial velocities observed in a 3.6-min interval
of the three components of the wind field, frequency spectrgprovided the original data. In the present study, we have
and hodographs are given. Momentum fluxes are given irsix beams using a 1fis coded pulse (with a &s sub-pulse
Sect. 5 and the conclusions are presented in Sect. 6. width, corresponding to a range resolution of 150 m) and a
2-us uncoded pulse width (corresponding to a range resolu-
tion of 300 m) with an IPP of 1000 and 253, respectively.
The effective sampling interval for each beam was 36 s. The
received echo signals were sampled at a height resolution of
150 m during 16—-19 July 2001, 26—29 November 2001 and
The Indian MST Radar is a coherent pulsed Doppler VHE22-25 January 2002 and a 300-m height resolution during
radar operating at 53 MHz with an average power aperture-6—19 October 2000 and 9-12 April 2001.
product of Z&108 Wm? and is located at Gadanki (135,

79.2 E), India. The peak-transmitted power is 2.5 MW and

the transmitters can be operated up to a maximum duty ra3 Methodology

tio of 2.5%. The antenna system occupying an area of

130mx 130 mis a phased array of 332 three element Yagi 3.1 Method of analysis using Indian MST Radar
antennas consisting of two orthogonal sets, one for each po-

larization (magnetic E-W and N-S). It generates a radia-The VHF radar is a powerful tool to examine small-scale
tion pattern with the main lobe at &-8vidth (between 3dB gravity waves with a h|gh accuracy, since wind measure-
points), a gain of 36 dB and a first side lobe level of —20 dB. ments have been made with fine height and time resolutions.
The main beam can be positioned at any look angle withinjn the present study, time series data of winds were taken and
+20° off zenith in the two major planes (E-W and N-S). The these were subjected to a 3-point running average in height,
number of FFT points are up to 512 and coherent integrato reduce the small-scale wind fluctuations. There exist a few
tions are from 4 to 512 (selectable in binary steps). The unyata gaps in the time series, which are filled by linearly in-
coded pulse widths can be fronu8—32s (in binary steps)  terpolated values obtained from a cubic spline interpolation
and the coded ones, A6 and 32s with lus baud length.  technique. These time series data values are averaged for
The complete time series of the decoded and integrated sighe entire time period and are subtracted from the individ-
nal samples are subjected to FFT for the online computationa| values of time series data to obtain the wind fluctuations.
of the Doppler power spectra for each range bin. The of-The obtained wind fluctuations are subjected to Fast Fourier
fline data processing for the parameterization of the Dopplefrransform to obtain the frequency spectra. From this power
spectra involves removal of dc, an estimation of the averagpectral densities of zonal, meridional, and vertical velocities
noise level, incoherent integration (if any) and the compu-are calculated and this is presented in this paper. The hodo-
tation of the three low order moments, and the wind ﬁelngraph ana|ysis is used for the wind fluctuations, to obtain
are derived from the radial velocities. For estimating the av-the vertical wavelength and propagation direction of gravity
erage noise level, an objective method developed by Hildeyygyes.

brand and Sekhon (1974) has been adopted here. More de-

tails of this system and signal processing see Kishore (1995%_2 Methodology for momentum flux

and Rao et al. (1995).

The variance of zonal and meridional velocities clearly
2.2 Database . . . .
shows the intensity of gravity waves and was also found to in-

In the present study VHF radar at Gadanki (23N579.2 E), crease up to about 10 km, reac_hing high values above 10 km.
a tropical station, is used to study the gravity wave activ- Vertical flux of zonal and meridional momentum flux was
ity on four typical days in different seasons, namely the Calculated using the radial velocity variances of the east-west
pre-monsoon (March-May), monsoon (June—September@nd nor_th-south beam pairs (i.e. in the fo_ur-beam method),
post-monsoon (October—November) and winter (Decembert€Spectively, suggested by Vincent and Reid (1983). The mo-
February) seasons. The radar observations were takeweptumfluxes are p.roportlo_n.al to the dlfferen_ce betweep the
during 9-12 April 2001 (pre-monsoon), 19-22 July 1999, Varances of the radial velocities in two opposite beam direc-
16-19 July 2001 (monsoon), 16-19 October 2000, 26-1ONS. Therefore, the zenal and meridional momentum fluxes
29 November 2001 (post-monsoon) and 22—25 January 200P€r Unit mass were estimated as

(winter). Data were collected for three days in each sea- __

son at 10:00-16:00 LT, 20:00-20:30 LT, 00:30-01:00 LT, V%Z - V%‘f

and 05:00-05:30 LT on each day. The radar antenna beat'W’ = — === (1)

2 System description and database

2.1 Indian MST Radar
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Fig. 1. Mean vertical profiles of zonal, meridional and vertical velocities along with error bars indicating standard deviations of the time
period of total 6 h (LT) observed durir(@) 10 April 2001,(b) 17 July 2001(c) 26 November 2001 an@dl) 22 January 2002. An average is
made for the entire time period of observations for 6 h on each day.

—_— V}VZ — V§2 (pre-monsoon), 17 July 2001 (monsoon), 26 November 2001
Viw' = “2sin (@) (post-monsoon) and 22 January 2002 (winter), representing
e a typical day in different seasons. On 10 April 2001 zonal
WhereVlEz, V%‘f , Vzlvz and vf are the variances of the radial Vvelocities were easterlies (westward) from 4-6 km, wester-
velocities in the east, west, north and south beam directiondies (eastward) from 6-14km and easterlies above 14 km.

respective|y’ and the over bar denotes the time average foThe meridional velocities were almost southerlies (north'
6h (i.e. 10:00-16:00 LT). ward) from 4.5-17.5km. It was observed that the standard

deviations were more between 9-10km and above 13 km
for zonal velocities. On 17 July 2001, due to jet streams,

4 Results and discussions the zonal velocities were maximum reaching —38 m/s around
) ) 17 km, and above 9 km the velocities were easterlies and be-
4.1 Mean velocity observations low this height the zonal velocities were westerlies. The jet

stream activity was more prominent during July in the In-

For the present study the Indian MST Radar winds WeT€dian subcontinent (Rao et al., 2000). During 26 November

taken and averaged to know the background wind informa- I T )
: . o . 2001 the zonal velocities were almost easterlies in the entire
tion on a typical day in different seasons. Figure 1 shows

. . - . height range with less magnitude compared to the other days,
mean vertical profiles of zonal, meridional and vertical veloc- L - )
. and meridional velocities were northerlies below 8 km and

ity observations with error bars indicating the standard deV|—Were southerlies above 8 km. The maximum of the velocit
ation of the time period of the total 6 h during 10 April 2001 ' y
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Fig. 2. Time series ofa) zonal andb) meridional velocities during 10 April 2001, 17 July 2001, 26 November 2001 and 22 January 2002
for a 6-h period of observations on a typical day in different seasons. For clarity each profile (300-m height resolution) has been shifted by
4 m/s for zonal and meridional velocities.
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Fig. 2. Continued. Same as Fig. 2a, but for the vertical velocities during the same days. For clarity each profile has been shifted by 0.4 m/s.

gradient has been observed between 11-13 km in meridionand 17 July 2001 and above 14 km during 26 November 2001
velocity. Standard deviations were more above 13km forand 22 January 2002. The magnitudes of the meridional ve-
both zonal and meridional velocities. The vertical velocities locities increased above 10 km for all the days. Above 10 km
were small with large standard deviations in the entire heightthe velocity disturbances were more prominent and while go-
range. During 22 January 2002 the zonal velocities wereng upward the magnitude of the disturbances increased, and
westerlies below 10 km and were easterlies above 11km. Théhis implies that wave motions were vertically propagating
meridional velocities were northerlies belowlOkm, 12.6—  (Hoppe and Fritts, 1995) and it is evident from Fig. 2a that
14.6 km, 17.2—-20 and were southerlies from 14.6-17.2 kma wave-like structure exists in the time series with a clear
and there was a large velocity gradient at 14.6-17.2 km. Irphase variation, especially on 17 July 2001, above 12 km,
all the seasons vertical velocities were small with upwardbetween 11:52-14:15 LT, with different characteristic peri-
and downward oscillations. The standard deviations wereods. The wave activity was also seen above 10 km during
more above 10 km during 10 April 2001, 26 November 2001 26 November 2001 and 22 January 2002 but wind variations
and 22 January 2002 in almost all the components, indicatingvere small. During the pre-monsoon (10 April 2001) and

variability of winds. monsoon seasons (17 July 2001), the wave activity was more
dominant. In Fig. 2b, the time series data of vertical veloci-
4.2 Temporal evolution of the winds ties are also presented for the same days as Fig. 2a, and each

profile has been shifted by 0.4 m/s for all the days. Verti-
Figure 2a represents the Ume Series p|0t of Zonal (uppepal Velocity Val’iations were Cleal’|y Observed on a” the dayS
pane| a) and meridional (|Ower pane| b) velocities on a typ|_ even though the magnitudes of vertical velocities were small.
Ca| day in diﬁerent seasons, for the same days as mentionearom this it was observed that the time series of vertical ve-
in Fig. 1, for a 6-h period of observation. Each profile cor- locities on all the days clearly shows the increasing tendency
responds to a height resolution of 300 m and for clarity eachf wave activity with increasing height, which is more promi-
profile has been shifted by 4 m/s for zonal and meridionalnent at tropospheric and lower stratospheric heights and the
velocities. The magnitude of the zonal velocities seems tosame was continued throughout the observation time.
be increasing with height above 10 km during 10 April 2001
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The height-time variation of the zonal, meridional and ver- case, and it is also evident from the figure that convection is
tical velocity fluctuations, at each height is given in Figs. 3, more prominent during 15:29-16:13 LT.
4 and 5, respectively. For clarity each profile (300-m height The time series data of wind fluctuations are taken to study
resolution during 10 April 2001 and 150-m height resolu- the dominant frequency components and are subjected to
tion during 17 July 2001, 26 November 2001, 22 Januarypower spectral density (PSD) analysis. Before applying the
2002) has been shifted by 4 m/s, 2m/s, 3m/s and 3 m/s durPSD the time series data of wind fluctuation were detrended
ing 10 April 2001, 17 July 2001, 26 November 2001 and and then a high pass filter has been used for the data to
22 January 2002, respectively. On the x-axis each scan cyeliminate low frequency components. Figure 8 shows power
cle can be repeated at a time interval of 3.6 min. The wavespectral estimation for zonal velocities during 10 April 2001,
structure is clearly evident from this figure and in addition 17 July 2001, 26 November 2001 and 22 January 2002 for 6 h
to the dominant component, different wave activities can beobservation. These observations show waves dominate with
recognized in the wind velocity fluctuation, although the am- different frequency components and the corresponding time
plitude of the perturbation is generally smaller in the lower periods are 2 h 8 min, 54 min, 38 min, 13 min and 10 min dur-
troposphere. According to wave periods and vertical scalesing 10 April 2001, 2 h 55 min, 1 h’56 min, 1 h 20 min, 25 min,
these fluctuations can be decomposed into different wavesl7 min during 17 July 2001, 2h20min, 60 min, 26 min,
In Fig. 3, during 17 July 2001, the zonal velocity fluctuations 17 min during 26 November 2001 and 2 h 12 min, 1 h 39 min,
are more compared to other profiles and the wave activity is30 min, 21 min during 22 January 2002. The maximum
more dominant in the upper troposphere. Figure 4 is simi-PSD is found during 17 July 2001 for the periodicities of
lar to Fig. 3, but for meridional velocity fluctuations. In this 2 h55min and 1 h’56 min. During 10 April 2001 and 17 July
figure the velocity fluctuations are more in the upper tropo-2001 high periodicities of waves have more PSDs than low
sphere, indicating that the waves are originating in the lowerperiodicities of waves, but during 26 November 2001 and
atmosphere and they can propagate into the higher heightd2 January 2002 low periodicities of waves (below 1 h) have
from their source region. Even though the vertical veloci- more PSDs than high periodicities of wavesl(h). Accord-
ties are small, the vertical velocity fluctuations are more anding to Tsuda et al. (1994b), the periods ranging from 5 min to
Fig. 5 clearly shows the wave activity with different propa- 2 h are mainly due to the large wind shears, which are mainly
gating character. It may be noted that these fluctuations arebserved during jet streams. The observed periods near the
due to waves with periods less than the observation periodjet streams in the present study (around 16—17 km) lie within
The fact that the perturbation amplitudes are more in the trothe periods, as reported by Tsuda et al. (1994). Previous stud-
posphere and lower stratosphere but considerably lower ies revealed that gravity waves of such wave periods exist
the lower troposphere (below 10 km) represents that the wavever this radar site (Nagpal et al., 1994; Keshav Kumar et al.,
activity is more in the troposphere and lower stratosphere. 1994; Dutta et al., 1999; Jagannadha Rao et al., 2002).

Convection is one of the source mechanisms for generat- The height variations of PSDs for meridional and vertical
ing gravity waves. In order to show the convective gener-velocities are given in Figs. 9 and 10, respectively. The power
ated gravity waves, one typical day of convection has beerspectral density peaks repeat at different heights, represent-
taken during 15 September 2001, occurred between 15:29ing different periodicities of waves propagating in the atmo-
16:52 LT and is shown in Fig. 6. During the convection sphere, and the fact that the PSDs of these waves are max-
event, due to the large thermal plumes, the air parcels moveanmum at upper heights represents that the sources of these
with large vertical velocities. Figure 6 shows the zonal, waves exist in the lower atmosphere and they can propagate
meridional and vertical velocity fluctuations during convec- upward with carrying energy and momentum. In Fig. 8, dur-
tion event. The velocity fluctuations are consistent with timeing 17 July 2001 (monsoon) and 26 November 2001 (post-
for zonal, meridional and vertical velocities with large ve- monsoon), the zonal velocity PSDs are more than meridional
locity fluctuations, with increasing height. The right-hand velocity because the zonal velocity perturbations are more
side of the figure shows the average velocity fluctuations forthan meridional velocity. But PSDs of vertical velocities
the corresponding velocities and it is evident from this fig- are small compared to zonal and meridional velocities. In
ure that during the convection event velocity fluctuations arecomparison to other days during 10 April 2001 and 22 Jan-
large compared to other days, as shown in Figs. 3, 4 and Suary 2002 at all the heights various frequency components
These figures show that velocity fluctuations increase withare observed with different PSDs in vertical velocity. The
increasing height and are maximizing at the upper tropo-dominant time periods, heights and the corresponding PSDs
sphere and lower stratosphere. Using the vertical begm (Z are given in Table 1 for zonal, meridional and vertical ve-
signal strength (SNR), spectral width (without correction) locities. From Table 1 it is clear that for zonal, meridional
and vertical velocities are calculated and shown in Fig. 7.and vertical velocities the similar time periods do not repeat
The enhancement in signal strength extending up to 17 kmfor three components of velocities which means after gen-
increasing spectral width and large vertical velocities with erating, the gravity waves are not propagating equally in all
increasing height are an indication of convection. In gen-the directions with the same characteristic period. Figure 11
eral, on non convection days vertical velocities are very smallrepresents the frequency-power spectral estimation for verti-
(<1 m/s) but during convection days vertical velocities were cal velocity fluctuations during 15 September 2001 during
large (see third panel of Fig. 7), up to 8 m/s in the presentthe convection event. It is observed that three frequency
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Fig. 9. Same as Fig. 8, but for the meridional velocity during the same days.
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Fig. 10. Same as Fig. 8, but for the vertical velocity during the same days.
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Table 1. Power Spectral Densities for zonal, meridional and vertical velocity fluctuations for different days.

Zonal Velocity Meridional velocity
Date Harmo- | Time | Altitude | Power Spectral Date | Harmo- | Time Altitude | Power Spectral
. . . nic No. | period (km) Density
nic No. | period (km) Density . P
(min) (m/s)*/cycles (min) (m/s)7 eycles
3 128 9-10 45-50
3 128 15 50-60 10 April 14-16 30-35
10 April |7 54 16-18 30-40 2001 16-18 35-40
2001 18-20 ., 19-20 35-40
10 38 14 20-30 6 64 9-10 40-50
28 13 18 20-30 10 38 9-10 35-40
35 10 18-20 20-30 14 27 16-16.6 25-30
5 175 3 80-90 38 10 16 20-25
s | SR N (A
2001 3 116 |56 80-90 00l |20 8 . -
16-18 60-70 25 14 . o
4 88 19-20 70-80 31 1 ; o
14 25 18-20 60-70 3 140 14-16 50-60
20 17 18-20 70-80 26 84 19-20 40-50
3 140 18-20 20-30 November |5 42 » 30-40
26 7 60 18-20 20-30 2001 10 26 - 30-40
November| 16 26 1820 | 30-40 i o » »
2001 25 17 18-20 30-40 2 2
22 Janua 3 132 16-18 70-80
3 132 | 12-16 15-20 000 | 99 19 60-70
22 4 99 17 15-20 5 80 16 40-50
January 13 30 19 20-25 19 21 15.5-16 40-50
2002 19 21 19 20-25 29 14 16 20-30
Vertical Velocit
Date Harmoni |Time period | Height(km) Power Spectral
¢ No. (min) Density (m/s)*/cycles
10 April 2001 4 96 5 0.35-0.4
18 0.35-0.4
6 64 10 0.25-0.3
19 0.25-0.3
8 48 11 0.25-0.3
27 14 16 .
34 11 19 »
6 58 6 0.6-0.7
17 July 2001 11 31 19 0.4-0.5
13 27 16 0.4-0.5
15 23 16 0.4-0.5
22 16 15 0.3-0.4
19 0.3-0.4
26 13 19 0.4-0.45
10 42 19 0.2-0.3
26 November 2001 | 13 32 19 0.3-0.4
28 15 19-20 0.2-0.3
34 12.4 19-20 0.3-0.4
22 January 2002 5 79 16 0.05-0.1
16 24 19 0.1-0.15
26 15 16 0.15-0.2
33 12 11 0.05-0.1
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Fig. 11. Shows the frequency-power spectral estimation for vertical velocity on 15 September 2001 during the convection event observed for
1h23 min.

components dominate with time periods of 45 min, 31 min, velocity. So this plot clearly shows the downward propagat-
and 16 min and the maximum PSDs are 12—16 (ffdgiles  ing waves in the lower atmosphere towards the north-east di-
at 16—20 km. PSDs for these frequency components are inrection. In Fig. 12b, during 17 July 2001 in the height range
creasing from 10-20 km, indicating that the waves are verti-of 12.75-15.0 km with 150-m height resolution for the inter-
cally propagating upward and are maximum at upper heightval of 11:00-12:00 LT it is found that the rotation is anti-
(18-20km). But one interesting feature is that during theclockwise direction with a downward propagating wave to-
convection event the magnitude of the PSDs is much moravards the south-west direction with a vertical wave length
than during the events of jet streams and wind shear eventgf 2.25km. Figures 12c—e are similar to Fig. 12b with a
and it can be clearly seen from Figs. 10 and 11. 150-m height resolution, during 26 November 2001. It is
The vertical wavelength and propagation direction of gray-observed that between 7.5-9.0km (in Fig. 12c) the rotation
ity waves have been calculated using hodograph analysis fopas in the clockwise direction with an upward propagating
the zonal and meridional velocity fluctuations. Figure 12 Wave, with a vertical wavelength of 1.5km, between 13.2—
represents the vertical wavelength and propagation directiodt6-5 km (in Fig. 12d) the rotation was in the anticlockwise
of gravity waves obtained by using hodograph analysis durdirection, indicating a downward propagating wave, with a
ing 10 April 2001, 17 July 2001, 26 November 2001 and Vertical wave length of 3.3km and between 4.8-6.3km (in
22 January 2002. For hodograph analysis zonal velocity flucfi9- 12€) the rotation was in the anticlockwise direction with
tuations (U in m/s) are taken on the x-axis and meridional @ downward propagating wave, with a vertical wave length
velocity fluctuations (vin m/s) are taken on the y-axis for ©f 1.5km. During 22 January 2002 in Figs. 12f, g, between
the time period of 1 h between 11:00-12:00 LT. Figure 12a9-3—10.2km, the rotation was in the clockwise direction, in-
shows a hodograph for 10 April 2001, from 6.9-10.5 km dur- dicating an upward propagating wave, with a vertical wave
ing 11:00-12:00 LT. It is observed that during 10 April 2001 length of 0.9km in the south-east direction and between
beginning at a height of 6.9km for a 300-m height resolu- 13-8-17.1km (in Fig. 12g), the rotation was in the clock-
tion, for the interval 11:00-12:00 LT, an anticlockwise rota- Wise direction, indicating an upward propagating wave with
tion with increasing height corresponds to a downward prop-a Vertical wavelength of 3.3 km.
agating wave with 3.6-km vertical wavelength. It is close
to the value obtained by Wang and Geller (2003) using ra-
diosonde analysis. If the rotation of the wind vector is inthe5 Momentum fluxes
clockwise direction, it represents the upward energy trans-
portation with downward phase velocity (e.g. Gossard andFigure 13 shows the height variation of mean zonal, merid-
Hooke, 1975). If it is in the anticlockwise direction, it in- ional momentum flux, zonal, meridional and vertical vari-
dicates downward energy transportation with upward phasances for the 17 July 2001 (upper panel) and 22 January
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Indian MST Radar
Date : 17 July 2001
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Fig. 13. Momentum flux and variance of wind fluctuations estimated from the MST radar data during 10:00-16:00 LT on 17 July 2001
(upper panel) and 22 January 2002 (lower panel). Six hours of observations are averaged. Dotted line represents the meridional variance an
the solid line represents the zonal variance.

and their magnitude was increasing above 12 km with in-10.5km. The meridional momentum flux was southward
creasing height. The zonal variance dominates the meridfrom 11-13km and above 17.3km and is northward below
ional variance above 16 km. The vertical variance is alsollkm and 13-17.3km. Southward momentum flux is dom-
varying with height and is maximum at 14.5 and 18.7 km. inating (-0.58 n¥/s%) at 18—-18.5km. The zonal and merid-

During 22 January 2002 the lower panel of Fig. 13 showsional variances vary with height and are maximum above
that the zonal momentum flux was eastward except betweet2 km. The meridional variance dominates rather than the
7.2-11.4km, and is maximum (0.7&f&) at around 6.3km, zonal variance from 5-18.5km. Above 18.5km the zonal
and the westward flux is maximum-0.6 m?/s?) around  variance was dominating the zonal variance. The maximum
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Fig. 14. Vertical profiles of zonal and meridional momentum fluxes estimated from the four beam method for different frequency bands
(2-16 h, 2-8 h, 30 min—2 h) during 16—19 July 2001 (upper panel) and 22—-25 January 2002 (lower panel). The solid line represents zonal
momentum flux and the dotted line represents the meridional momentum flux.

meridional variance is seen around 17.3km. Vertical vari-and 2—16 h for the calculation of momentum fluxes for both
ances are maximum around 16 km. short periods (30 min—2 h) and long periods (2—8 h, 2—-16 h).
The vertical profiles of zonal and meridional flux in each
The momentum fluxes are calculated for different fre- frequency band are found to be consistent, in general, with
quency bands corresponding to periods of 30 min-2 h (shorthe total flux. Figure 14 shows the height variation of zonal
period) and 2-8 h, 2-16 h (long period). To calculate the fre-and meridional momentum fluxes for 30 min-2 h, 2-8 h and
quency dependence momentum fluxes, three days of data_16h during 16—19 July 2001 (upper panel) and 22—25 Jan-
have been taken and data gaps are filled by linear interyary 2002 (lower panel). The solid line represents zonal mo-

polation. The band-pass filter is used for the time seriesmentum flux and the dotted line represents the meridional
data of variances for the frequency bands 30 min-2h, 2-8h
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Fig. 15. Vertical profiles of zonal and meridional momentum fluxes estimated from the four beam method for different frequency bands

(30 min—-2 h, 2-8 h, 2—-16 h) during 16—19 October 2000 (upper panel) and 9-12 April 2001 (lower panel). The solid line represents the zonal

momentum flux and the dotted line represents the meridional momentum flux.

momentum flux. Zonal fluxes are small at lower levels andthe meridional flux occur in the long periods (2—-8, 2—16 h)
increasingly negative (westward) at higher heights for bothtowards northward. In particulary, in the height range of 13—
shorter and longer periods. The dominant contributions t016.8 km, for both longer and shorter periods, the meridional
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momentum fluxes are towards north and above 11 km zonagperiods (2-8 h, 2—-16 h). The short period momentum flux
momentum fluxes are towards the westward direction. Thefor the meridional component is highly variable but shows
zonal momentum flux reaches maximum values in all thea general increase between troposphere and lower strato-
periods in the lower stratospheric levels and it is maximumsphere during 22—-25 January 2002, similar to the results ob-
around 12 km. From this figure it is clear that more momen-tained by Prichard and Thomas (1993). During 16-19 Oc-
tum flux has been carried by long period waves. For all fre-tober 2000, the meridional momentum flux for both short
quency bands at most of the height regions meridional mo-and long periods is towards the northward direction but dur-
mentum fluxes are dominating and are in the northward di-ing 9-12 April 2001 it is in the southward direction. The
rection. Zonal momentum fluxes are maximum for the longzonal momentum flux for short periods is towards the east-
period rather than the short periods. In Fig. 14, the lowerward direction, up to~14 km, during 16—-19 October 2000
panel shows zonal and meridional momentum fluxes duringout during 9-12 April 2001 the zonal momentum flux is to-
22-25 January 2002 for 30 min—-2 h, 2—-8 h and 2—-16 h. Zonalards the westward direction for both short and long periods
and meridional fluxes are small below 13 km and reach maxin the height range of 2-14.5km and above 17 km. During
imum values around the tropopause height (16 km). It was22—25 January 2002 both zonal and meridional momentum
observed that during 22—-25 January 2002, for short and londluxes are highly variable with height for short and long pe-
periods, zonal momentum fluxes are in the eastward direcriod fluxes. The zonal component shows a westward flux at
tion from 4-20 km and meridional momentum fluxes are in nearly all the heights, with magnitudes comparable to those
the southward direction with increasing altitude above 10 kmof the long periods except between 15-17 km, where it in-
and reaching maximum values at higher heights. Large moereases rapidly and becomes dominant during 9-12 April
mentum flux is associated with long periods for both zonal2001. Itis found that for tropospheric heights the momentum
and meridional momentum fluxes in either direction. fluxes deduced for shorter periods are smaller than longer
Figure 15 is the same as Fig. 14, but for 16—-19 Octoberperiods, for both zonal and meridional components. It is
2000 (upper panel) and 9-12 April 2001 (lower panel). Infound that in the troposphere and lower stratosphere during
Fig. 15, the upper panel shows (during 16—19 October 20009-12 April 2001 (summer) and 22—-25 January 2002 (winter,)
short period zonal momentum flux is the eastward directionthe zonal momentum flux is in the westward and eastward
below 14.5km and 16-19 km. The zonal momentum fluxesdirections, respectively, but this is the reverse of the observa-
are increasing with height and reaching maximum values irtions at mesospheric heights. In the mesosphere, Nakamura
all periods around the tropopause (16—18 km) height. Merid-et al. (1996) found that the momentum flux determined with
ional momentum fluxes are towards the northward directionthe 4-5 days of observation of mesospheric wind velocities
for both shorter and longer periods. It is observed that therewith the MU radar also showed a very clear eastward and
is a clear change in direction for zonal momentum fluxeswestward preference in summer and winter, respectively. For
around 14-19 km for all frequency bands, from westward tomeridional momentum flux during 9-12 April 2001 (sum-
eastward direction. Below 15 km, the zonal momentum fluxmer) from 4-20 km and 22-25 January 2002 (winter) above
carried by short periods is greater. Between 16-18 km, thell km both observations show a southward direction, but
momentum flux carried by long periods is greater because atluring 16—19 October 2000 (post-monsoon) meridional mo-
these heights the velocity variances are greater. The domimentum flux is in the northward direction. For momentum
nant contributions to the meridional momentum flux occur in flux in the mesosphere observed by MU radar Nakamura et
the longer periods towards the northward direction and reaclal. (1996) showed a clear northward flux in the summer and
maximum values above 19km. The lower panel of Fig. 15,a weak or southward flux in the winter, especially for periods
(during 9-12 April 2001) shows zonal momentum fluxes for longer than 30 min—1 h.
all the periods towards the westward direction below 15 km
and above 16.5 km, and reaching maximum values for longer
periods at 12 km for 2-8 h and at 8 km and 14 km for 2-16 h.6 Conclusions
Short and long period zonal momentum fluxes change their
direction from the westward to the eastward direction in theThe gravity wave activity in the troposphere and lower strato-
height range of 15-16.5km. Meridional momentum fluxes sphere are studied based on wind velocity observations made
are towards the southward direction for both short and longwith the Indian MST Radar for typical days in different sea-
periods. There is a clear change in direction for the zonalsons. The mean zonal velocity was maximum on 17 July
momentum fluxes around 14-17 km for all frequency bands2002 (monsoon season) and was —38 m/s around 17 km. The
from the westward to the eastward direction. excitation source of short period gravity waves is suggested
The results for long periods (2-8h, 2-16 h) show little to be located near the peak of the mean zonal velocity and
zonal momentum flux in either direction below 10 km, but it is evident from the time series data of velocity fluctua-
for short periods the magnitude of the zonal fluxes are greatetions, as shown in Fig. 3. During 26 November 2001 and
than the longer periods. During 16—19 October 2000, it is22 January 2002, the meridional velocity gradients are max-
observed that there is a clear and consistent eastward dimum between 11-13km and 15-17 km, respectively. The
rection below 14 km for short periods (30 min—2 h) and be-zonal, meridional and vertical velocity field exhibited mo-
low 12km the zonal momentum fluxes are small for long tions with periods ranging from a few minutes to a few
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