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Abstract. High resolution (150 m) wind measurements from
13–17 July 2004 by Mesosphere-Stratosphere-Troposphere
(MST) radar and 15–16 July 2004 by Lower Atmospheric
Wind Profiler (LAWP) have been used to study the time vari-
ation of turbulence intensity. Layers of higher turbulence are
observed in the lower stratosphere on 15–16 July which give
rise to mixing in the region. Enhancement in short-period
gravity wave activity and turbulent layers are observed after
22:00 LT which could be due to a dry convection event that
occurred at that time. The breakdown of the convectively
generated high frequency waves seems to have given rise to
the turbulence layers. Wind shear is found to be high above
the easterly jet, but very poor correlation is observed between
square of wind shear and turbulence parameters in the region.
The heights of the turbulent layers in the lower stratosphere
do not correlate with levels of minimum Richardson number.
A monochromatic inertia gravity wave could be identified
during 13–17 July 2004. A non-linear interaction between
the waves of different scales as proposed by Hines (1992)
might also be responsible for the breakdown and generation
of turbulence layers.

Keywords. Meteorology and atmospheric dynamics (Con-
vective processes; Middle atmosphere dynamics; Turbu-
lence)

1 Introduction

The general circulation of the middle atmosphere is known
to be strongly influenced by the transport of momentum
by different kinds of wave motions with different spatial
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and temporal scales. Turbulence and gravity waves be-
long to these important types of atmospheric motions at mi-
cro and mesoscales. Turbulence diffuses whereas gravity
waves propagate. Gravity waves generated due to boundary-
layer convection, jet-stream passages or flow over moun-
tainous terrains grow in amplitudes while propagating up-
wards to conserve momentum as the atmospheric density de-
creases. Eventually they become unstable, induce instabil-
ity and break into turbulence. Convective clouds are also an
important source of turbulence (Pantley and Lester, 1990).
There are various mechanisms responsible for generation of
turbulence including convectively generated gravity waves
and their subsequent breakdown (Lane et al., 2001). A wave
can break and generate turbulence at a critical level due to
wave-wave interaction (Pavelin et al., 2002). The mecha-
nism of wave scavenging, proposed by Hines (1992), dis-
cusses wave breaking in the light of interaction of waves
with smaller and larger wavelengths. Hines’s theory recog-
nizes a natural transition from linear source spectra at lower
altitudes to a non-linear saturated spectrum at higher alti-
tudes. However, several numerical studies have undermined
assumptions of Hines’s theory (Eckermann, 1997; Walter-
scheid, 2000). But Fritts and Alexander (2003) pointed out
that wave-wave interactions are important in exchange of en-
ergy among gravity waves of various scales throughout the
middle atmosphere. The understanding of the turbulence
generation mechanisms are a topic of current research.

Turbulence, so generated by various methods, has impor-
tant effects on atmospheric chemistry, mixing air of different
composition and stratosphere-troposphere exchange. VHF
radars can measure wind velocity and turbulence intensity
reliably up to an altitude of about 20 km using the back-
scattered radar echoes from small-scale variations of temper-
ature and humidity (Gage, 1990). Röttger (1980) explained
the echoing mechanism to be due to turbulent scatter and
Fresnel reflection. Balsley et al. (1983) interpreted it in terms
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Fig. 1. One hour averaged sample profiles of zonal(a), merid-
ional (b) and vertical(c) winds measured by LAWP and MST radar
between 13:00–14:00 LT. Comparisons of zonal (solid) and merid-
ional (dashed) winds measured by LAWP (red) and MST radar
(black) for two overlapping heights(d). Temperature profile over
Chennai(e) and vertical beam echo power measured by MST radar
(averaged between 13:00–14:00 LT)(f).

of breakdown of tides and gravity waves which indicates that
the turbulence generation by breaking of waves could be re-
sponsible for the echoes. Muraoka et al. (1988) reported
Fresnel scattering to be a dominant mechanism in the lower
stratosphere and Hines (1992) extended Muraoka’s analysis
to offer an alternative interpretation in terms of non-linear
wave-wave interaction.

We report here MST radar observations of turbulent lay-
ers in the lower stratosphere after 22:00 LT (16:30 UTC) on
15–16 July 2004 over a tropical site Gadanki. An Inertia
Gravity Wave (IGW) is also found to be prevailing between
13–17 July over the same station. An effort has been made
to interpret the layers with known mechanisms. It is worth
mentioning here that the observation of turbulence layers and
examining different mechanisms to explain them using high
resolution radar data of Gadanki is the first of its kind.

2 Observations

The VHF radar at Gadanki operates at a frequency of
∼53 MHz in coherent backscatter mode with an average
power-aperture product of 7×108 W m2. It generates radi-
ation pattern with one way beam width of 3◦ and can be
steered between±20◦ from the zenith. A detailed descrip-
tion of the radar is given by Rao et al. (1995). The vertical
and horizontal wind data obtained from the radar continu-
ously for 24 h in five beam directions (one zenith beam and
four 10◦off-zenith beams in the North, East, South and West
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Fig. 2. Profiles of zonal(a) and meridional(b) winds shifted by
5 m/s, measured by MST radar and LAWP averaged over 5 min (2
profiles) between 19:00 and 04:55 LT.

directions) on 15–16 July 2004 with a height resolution of
150 m and a time resolution of∼2.5 min have been used for
this study which revealed generation of turbulence layers in
the lower stratosphere after 22:00 LT. Height profiles of wind
velocities between 3.75 and 20.4 km were subjected to strin-
gent data processing, both on-line and off-line (Dutta et al.,
1999). Outliers were removed by taking mean wind in 3-h
section for each height and discarding values exceeding 1.7
times the standard deviation. Such gaps, which were found
to be very rare, were filled up by interpolation. The LAWP
installed at the same facility by National Institute of Informa-
tion and Communications Technology (NICT), Japan (for-
merly known as CRL) provided wind data of 15–16 July
2004 between the altitudes of 500 m to 6 km with a height
resolution of 150 m and a time resolution of 2 min. The radar
with an operating frequency of 1357.5 MHz uses a fixed se-
quence of three beam directions in cyclic manner: 15◦ due
North, 15◦ due East and Zenith. The beam width of the
radar is 4◦ with a gain of 39 dB and an effective power aper-
ture product of 1.2×104 W m2. Various features of the radar
are given by Reddy et al. (2001). Since the MST radar and
LAWP are designed for upper level and lower level winds
respectively, the matching of the wind data in the overlap
region was checked by plotting 1 h averaged wind data be-
tween 13:00–14:00 LT estimated by both the radars. LAWP
data were accepted below 3.6 km and averages of MST and
LAWP data were taken for two heights 3.75 and 3.9 km for
continuity. Figure 1a, b and c show the sample wind pro-
files measured by both the radars with standard deviations
at a few heights. Figure 1d shows LAWP and MST radar
measured zonal (solid) and meridional (dashed) winds at two
overlapping heights with error bars. Since the uncertainty
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Fig. 3. Time series of vertical winds shifted by 0.15 m/s for the
same time interval.

bars overlap, the results from both the radars agree. There
was no rainfall during the observation period. Temperature
and humidity data of 15 July are taken from the 17:30 LT
Chennai radiosonde flight which is∼120 km away from the
radar station. Relative humidity was sufficiently high (82–
83%) between 5 and 6 km. The cold point tropopause is at
an altitude of 16.1 km. Figure 1e and f show temperature
profile over Chennai and vertical beam echo power (average
from 17:00–19:00 LT) measured by MST radar respectively.
The higher stability of the stratosphere gives enhancement
of echo power above the tropopause (Vaughan et al., 1995).
The altitude (16–16.3 km) where the echo power is seen to in-
crease, agrees well with the radiosonde detected tropopause
height.

Wind data collected by MST radar starting at 02:00 LT on
13 July and ending at 18:00 LT on 17 July 2004 with inter-
vals of∼1–2 h have also been used to study prevailing inertia
gravity wave activity during the period.

3 Results and discussion

3.1 Short-period wind oscillation

Profiles of zonal (u) and meridional (v) winds measured by
MST radar and averaged over 5 min (2 profiles) between
19:00 and 04:55 LT on 15–16 July are depicted in Fig. 2a,
b which have been shifted by appropriate intervals as men-
tioned in the caption. A strong easterly jet (−36 m s−1) is
observed throughout the day. The jet velocity started be-
coming stronger around 22:00 LT and persisted for about 5 h
when it reached−43 m s−1. Various waves with different
vertical scales are exhibited in zonal and meridional wind
profiles. Longer period wind oscillations can be seen be-
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Fig. 4. Frequency spectra of short-period zonal (solid) and merid-
ional (dashed) wind fluctuations at a few heights(a, b, c, d). Height
profiles of zonal (solid) and meridional (dashed) amplitudes of<2 h
oscillation(e).

low about 13 km whereas shorter period waves are prominent
above this height. Figure 3 illustrates vertically shifted time
series of vertical velocities (w) for the same time interval
(19:00 to 04:55 LT). The time variation of “w” clearly shows
short period wind fluctuations in the lower stratosphere. Dis-
turbances in vertical wind are enhanced (∼1 m s−1) after
22:00 LT throughout the observation region.

This high resolution wind data of 9 h 55 min (between
19:00 to 04:55 LT) have been averaged over 900 m altitude
blocks, high-pass filtered to retain wind oscillations with less
than 2 h period and subjected to FFT analyses. Short-period
waves between 60–100 min are prominent throughout the al-
titude range and the periodicities with<60 min are observed
to be significant in the lower stratosphere. The FFT results
are illustrated in Fig. 4a, b, c, d. The amplitude height pro-
files of 60–100 min waves (Fig. 4e) show high zonal ampli-
tudes below the tropopause (∼0.5 m s−1) and in the lower
stratosphere (∼0.4 m s−1). The meridional amplitudes are
less (∼0.2 m s−1).

July is the month of south-west monsoon with strong east-
erly jet and frequent cumulus convection. We have, there-
fore, examined the high resolution hourly cloud top equiv-
alent blackbody temperature, called Brightness Temperature
(BT) which can be used as a proxy for tropical deep con-
vection. The data recorded by MTSAT-1R (Multi-functional
Transport SATellite) have been provided by the Japan Me-
teorological Agency (JMA) through Kochi University, Japan
in the longitude-latitude grids of 0.05◦. TBB data between
11◦ N–15◦ N latitude and 77◦ E–81◦ E longitude covering the
location of Gadanki for a few hours around 22:00 LT are il-
lustrated in Fig. 5 which clearly show low values of TBB over
Gadanki at 22:00 LT and convective activity in surrounding
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Fig. 5. Latitude-longitude distribution of the satellite brightness
temperature (TBB) observed on 15–16 July 2004, for a few hours
around 22:00 LT.

area for several hours. Since there was no rainfall on 15–
16 July, it appears to be a dry convection event at 22:00 LT
which might have generated short period gravity waves lo-
cally. Observations of high frequency waves in the strato-
sphere have shown a close correspondence with convective
clouds (Sato et al., 1995; McLandress et al., 2000; Alexan-
der et al., 2000). Our observations are similar to the events
previously reported at the EAR in Indonesia (Dhaka et al.,
2005; Yamamoto et al., 2007).

3.2 Inertia gravity wave oscillation

Zonal and meridional wind data between 13–17 July 2004
have been spline-interpolated for every 3 h and the appropri-
ately shifted profiles from 3.75 km to 20.4 km are shown in
Fig. 6. Downward phase propagation can be clearly iden-
tified particularly in zonal winds below 15 km. The time
series of wind velocities averaged over 900 m height blocks
have been detrended and band-pass filtered between 48–66 h
periods. The fluctuations, so obtained have been subjected
to FFT analyses. The FFT spectra of zonal and meridional
wind fluctuations at four heights are depicted in Fig. 7a, b, c,
d which show the presence of monochromatic inertia grav-
ity wave of period∼54 h (the inertial period at Gadanki is
53.34 h). The time-series (108 h) of zonal and meridional
wind fluctuations have been subjected to least square anal-
ysis to estimate the amplitudes of 54 h oscillations and the
amplitude-height profiles of zonal and meridional winds are
shown in Fig. 7e. Large zonal wind amplitude of∼5 m s−1

is observed near 11 km altitude.
Hodograph analysis has been carried out to obtain some

important parameters of inertia gravity waves. A few
hodographs of the horizontal wind vector in stratosphere and
troposphere are shown in Fig. 8. Some important parame-
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and 10 m/s, measured by MST radar during 13–17 July 2004 which
have been shifted by 10 m/s.

ters of inertia gravity wave have been delineated following
Cho (1995). The analysis shows mostly clockwise rotation
of the wind vector in the lower stratosphere which means
upward energy propagation. Hodographs in the upper tro-
posphere do not give a very clear picture with almost equal
number showing clockwise (12) and anti-clockwise (9) rota-
tions whereas those in the lower troposphere show predomi-
nantly anti-clockwise rotation. So the source of the observed
inertia gravity waves cannot be clearly indentified. Sasi et
al. (2000) had similar observations and suggested that the
easterly jet present during summer monsoon could be the
source of IGW. The high-resolution numerical simulation, by
Mahalov et al. (2007) showed the generation of inertia grav-
ity waves from the jet stream at the tropopause. Niranjan
and Ramkumar (2008) have reported the generation of inertia
gravity waves by depression caused during south-west mon-
soon over the Indian sub-continent. The occurrence of iner-
tia gravity waves, in the tropics, has been frequently linked
to convection as the source (Karoly et al., 1996; Shimizu
and Tsuda, 1997; Vincent and Alexander, 2000). Since the
present study has been undertaken in the month of July, the
observed inertia gravity wave could have been the result of
jet stream and/or convection in the surrounding area. Some
estimated wave parameters are listed in Table 1 which are
found to have close agreements with earlier reports for the
same site (Sasi et al., 2000; Niranjan and Ramkumar, 2008).

3.3 Turbulence layers in the lower stratosphere

Atmospheric turbulence causes random fluctuations of var-
ious atmospheric parameters. High resolution VHF radars
are excellent tools to make measurements of refractivity
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Table 1. IGW parameters over Gadanki.

Parameter 7.65–10.35 km 18.0–20.4 km
altitude region altitude region

Ratio of minor to major axis 0.40 0.26
Intrinsic period (hours) 20 13
Vertical wavelength (km) 2.5 1.5
Horizontal wavelength (km) 250 130
Vertical group velocity (cm s−1) 4.7 0.81
Horizontal group velocity (m s−1) 2.6 2.1
Vertical phase velocity (cm s−1) 3.1 1.4
Horizontal phase velocity (m s−1) 3.4 2.5

structure constant (C2
n), echo power etc. The turbulence re-

fractivity structure constant (C2
n) is one of the basic param-

eters of atmospheric turbulence and can be determined by
using the radar measurements of the received radar echo in-
tensity (VanZandt et al., 1978; Hocking et al., 1989, Ghosh et
al., 2001, Rao et al., 1997, 2001). The refractivity structure
constant (C2

n) is proportional to radar volume reflectivity (η)

and is given by:

η =
32(ln2)KBBN (αrTC +Tr)

PtαrαtAe1rNBNc

( r

1r

)2
(

S

N

)
(1)

where (S/N) is SNR for oblique beams,Pt is the peak trans-
mitted power,Ae is effective antenna area,αr is receiver path
loss, αt is the transmitter path loss,NB is the number of
bauds for coded pulse,NC is number of coherent integration,
Tc is cosmic noise temperature,Tr is receiver noise tempera-
ture,KB is the Boltzman’s constant,BN is effective receiver
band width,1r is the range resolution andr is the range of
back scatter echo.

The turbulent refractivity structure constantC2
n is related

to the radar volume reflectivity as:

η = (0.38)C2
nλ−1/3 (2)

whereλ is the radar wavelength.
A contour of C2

n for 15–16 July between 19:00 LT–
04:55 LT in the altitude range of 15–20 km is shown in
Fig. 9a. A specular echo effect was avoided by using SNR
data from oblique beams only (Hocking, 1985). The aver-
aged data of oblique beams also helps to neglect horizontal
anisotropy (Nastrom and Tsuda, 2001). The echo intensity
measured by MST radar is another very important param-
eter signifying turbulence. The echoing mechanisms could
be due to turbulent scatter and Fresnel reflection (Lindzen,
1981; R̈ottger and Liu, 1978), breakdown of tides and grav-
ity waves (Balsley et al., 1983) and wave-wave interaction
(Hines, 1992). It has also been reported that the enhanced
echo is associated with a maximum shear generated by waves
which may lead to dynamical instability (Yamamoto et al.,
1987). The contour of echo power for 15–16 July observa-
tions is shown in Fig. 9b for the same interval of time and
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Fig. 7. Same as Fig. 4, but for long period (48–66 h) wind fluctua-
tions.

altitude. Both these figures show turbulence layers in the
lower stratosphere at∼19–20 km after 22:00 LT.

Vertical wind variance is a measure of gravity wave ac-
tivity and the short-period variance is found to be associated
with local convection (Dutta et al., 2008). Vertical wind vari-
ance of<2 h gravity waves for 15–16 July have been com-
puted using both LAWP and MST data and Fig. 9c shows
its temporal variation between 19:00 LT–04:55 LT. Enhance-
ment of short-period gravity wave activity can be noticed af-
ter 22:00 LT below the tropopause at∼15–16 km.

Disturbances in wind velocities are observed after
22:00 LT with simultaneous enhancements in turbulence pa-
rameters. There are a number of mechanisms that may be
responsible for the generation of turbulence. Vertical shear
in horizontal wind is known to give rise to turbulence where
Richardson number (Ri) is <0.25. The profiles ofRi , square
of wind shear and potential temperature from 10–15 km are
shown in Fig. 10. Strong layers of wind shear are observed
below and above the tropopause due to the presence of jet
stream. The corresponding value ofRi≈0.9. Inhomoge-
neous shear stratified turbulence is supposed to be relevant
for the real atmosphere (Mahalov et al., 2007). Layers of
turbulence can be seen in the lower stratosphere where wind
shear is significant. But correlation studies between square of
wind shear and the turbulent parameters in the lower strato-
sphere show poor correlation suggesting that dynamic insta-
bility may not be the reason of observed turbulence layers.

Numerical simulation study by Lane et al. (2001) showed
the generation of gravity waves due to convection and their
subsequent breakdown. The present study also points to
generation of short-period gravity waves due to local con-
vection after 22:00 LT. The turbulence layers in the lower
stratosphere appear to be mostly due to the breakdown of
these waves. Large scale, low frequency inertia gravity
wave of∼54 h period is also found to be present during the

www.ann-geophys.net/27/2407/2009/ Ann. Geophys., 27, 2407–2415, 2009
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observation period. The non-linear interaction between the
high frequency and low frequency waves could also result in
the wave breaking and generation of turbulence layers.

Hines (1992) has proposed wave scavenging as a possi-
ble mechanism of wave breaking where waves with smaller
wavelengths break at critical levels that occur because of
the induced wind perturbations due to the waves with larger
wavelengths. Hines (1968) and Hines (1991) stressed that
strong shears in large scale winds could act to scavenge en-
ergy for turbulence from a particularly broad spectrum of
small–scale waves and produce turbulence. This interpre-
tation has been tested by drawing critical circles following
Hines (1992). Hodograms of 7 h winds between 22:00 and
04:55 LT (shown in Fig. 11) have provided the centers of
successive critical circles between the altitudes of 15.9 and
20.4 km. The areas enclosed by the arcs represent wave scav-
enging over corresponding height intervals. Significant scav-
enging is seen above 15.9 km with waves propagating in the
NW and NE quadrants. The scavenging area disappears at
16.32 km and resurfaces again above 16.65 km. Scavenging
increases considerably above 17.7 km and swings to mostly
SE quadrant disappearing at 17.85 km. Small scavenging can
again be observed between 18.15 and 18.9 km. Large scav-
enging is seen above this height at 19.2 km. Correlation of

the enhanced layers ofC2
n and echo power can be seen with

high scavenging potential for the corresponding heights as
already mentioned.

4 Summary

Turbulence near the tropopause plays a major role in mix-
ing chemical constituents of the upper troposphere and lower
stratosphere. The rate of mixing depends on the amount of
turbulence which influences chemical reaction between dif-
ferent species. An accurate understanding of turbulence is
thus very essential. We have made high resolution observa-
tions of MST radar and LAWP to study the time evolution of
turbulence for a summer day. Layers of turbulence are seen
in the lower stratosphere after 22:00 LT. TBB plots show the
presence of higher local convection around the same time
over Gadanki and also in surrounding areas for a couple of
hours. Short-period gravity wave activity also gets enhanced
between 22:00 and 04:55 LT. It is likely that the high fre-
quency convectively generated gravity waves breakdown and
give rise to the observed turbulence layers.

A monochromatic inertia gravity wave has also been iden-
tified during the observation period (13–17 July). The mech-
anism of critical layer scavenging of gravity wave energy to
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Fig. 9. Contours ofC2
n (a) and echo power(b) between 15 and 20 km for∼10 h from 19:00–04:55 LT. Short-period vertical wind variance

for the altitude range from 500 m–20 km and for the same interval of time(c).

0 0.0005 0.001
10

11

12

13

14

15

16

17

18

19

20

Square of wind shear(s−2)
−2 0 2 4

10

11

12

13

14

15

16

17

18

19

20

Ri

A
lti

tu
de

 (
km

)

300 400 500 600
10

11

12

13

14

15

16

17

18

19

20

Potential Temperature (K)

(a) (b) (c)

Ri=0.25

Fig. 10. Height profiles of Richardson number, square of vertical
shear in horizontal wind (averaged over 19:00–04:55 LT) and po-
tential temperature from 10–20 km.

produce turbulence has been tested following Hines (1992).
It is likely that the non-linear interaction between the waves
of different scales might also be responsible for the observed
turbulence layers. However, it should be noted that differ-
ent mechanisms of wave breaking can coexist together and
complement each other.
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