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[1] Indian mesosphere-stratosphere-troposphere (MST) radar is located at Gadanki
(13.5°N, 79.2°E) in a tropical zone of India. In this region the background atmospheric
parameters such as atmospheric winds, temperature, and humidity show a distinct change
from monsoon to winter season. For example, the monsoon season is dominated by
tropical easterly jet winds in the upper troposphere (i.e., 14—17 km), and the winter season
is dominated by westerly winds with peak value at about 12—14 km. The basic wind
patterns in the two seasons differ significantly, and this is expected to give rise to
differences in the characteristics of atmospheric turbulence parameters in the two seasons.
In this paper, various atmospheric turbulence parameters such as eddy dissipation rate (g),
eddy diffusivity (Kj), and horizontal scale length (/, and L) are obtained for the first time
for the monsoon and winter seasons by using the available data sets from MST radar.
An attempt is made to understand and explain the seasonal variability of these turbulence
parameters in terms of the observed changes in the background atmospheric conditions.

1. Introduction

[2] Itis well known that turbulence present in different
regions of the atmosphere forms an important component
of the atmospheric dynamics. Study of atmospheric tur-
bulence is of interest to radar and aircraft engineers for
the selection of radar wavelength and design of aircraft.
This is also of considerable interest to the meteorologist
for understanding the atmospheric dynamics, mixing, and
pollutant dispersion, etc. Turbulence is also of important
interest for understanding the general circulation of the
atmosphere as it contributes to the dissipation of kinetic
energy and enhances mixing of properties of flow such as
momentum. The presence of turbulence in the atmo-

sphere also determines the mixing and diffusion of various
constituents such as ozone. Turbulence in the atmosphere
is generated due to the strong vertical shear of the hori-
zontal winds or due to the instability associated with
atmospheric convection. These two mechanisms of tur-
bulence generation are referred to as mechanical turbu-
lence and thermal turbulence, respectively.

[3] Eddy dissipation rate (), eddy diffusivity (K},), and
horizontal inner and outer scale lengths (/y and Lp),
respectively, are some of the basic turbulence parameters
that define the strength and size of the atmospheric tur-
bulence. The above atmospheric turbulence parameters
depend on background atmospheric conditions such as
temperature, wind speed, and vertical shear of horizontal
winds. Since the atmospheric background parameters vary
with seasons and latitudes, turbulence parameters also
vary. Most of the measurements of turbulence character-
istics are, however, confined to midlatitudes and high
latitudes [Gage et al, 1980; Hocking, 1983, 1985;
Nastrom et al., 1986; Fukao et al., 1994; Nastrom and
Eaton, 1997a, 1997b], and only a few measurements are
available for tropical latitudes [Sato and Woodman, 1982;
Jain et al., 1995; Rao et al., 1997, 2001; Satheesan and
Murthy, 2002; Ghosh et al., 2003]. The Indian tropical



Table 1. MST Radar Experimental Specification File Used for the Present Study

Parameter Mode 1 Mode 2
Pulse width (us) 16 16
Interpulse period (us) 1000 1000
Coded/uncoded coded using 16 baud biphase coded using 16 baud biphase
supplementary supplementary
Range resolution (m) 150 150
Number of beams 6 (E1oy» Wiy, Zy, Zy, N10y, S10x)" Vi
Number of coherent 128 128
integrations
Number of FFT points 128 128

Nyquist frequency (Hz)
Doppler resolution (Hz)

Lowest range bin (km) 3.6
Highest range bin (km) 32
Incoherent integrations 1
Beam dwell time (s) 16
STC length (us) 40
Number of scan cycles 8

+4 (line of sight velocity v~+12 m/s)
0.06 (line of sight (Vv) ~ 0.18 m/s)

+4 (line of sight velocity v~+12 m/s)
0.06 (line of sight (Vv) ~ 0.18 m/s)
3.6

32

1

16

40

120

“Here, Eoy, beam direction 10° east from the zenith in east-west plane; Wy, beam direction 10° west from the
zenith in east-west plane; Z,, vertical beam direction formed using east-west plane; Z,, vertical beam direction
formed using north—south plane; Ny, beam direction 10° north from the zenith in north—south plane; S;ox, beam

direction 10° south from the zenith in north-south plane.

region shows a distinct seasonal variation in wind and
associated vertical shear, and the year is divided into four
seasons, namely, winter (December, January, and Feb-
ruary), premonsoon (March, April, and May), monsoon
(June, July, and August), and postmonsoon (September,
October, and November) [Ghosh et al., 2001; Rao et al.,
2008]. Out of these four seasons, monsoon and winter
seasons are totally different in their characteristics. During
monsoon season, strong tropical easterly jet (TEJ) winds
are observed at the height region of 14—17 km just near
the mean tropical tropopause [Das et al., 2008] with a
peak value of 45-50 ms ' [Sathiyamoorthy, 2005]. These
jet winds are associated with the strong vertical shears
above the peak wind height. During winter season the
winds are relatively weaker and are dominated by the
westerly winds, with peak values of 10-14 m s ', which
appear at the height range of 10-14 km. Thus, there is a
sharp contrast in the observed winds during winter and
monsoon seasons.

[4] In this paper an attempt is made for the first time to
determine the height profiles of various turbulence
parameters such as €, K;,, /y, and Lg and to understand the
changes in their characteristics from monsoon to winter
season, in terms of background atmospheric conditions
such as horizontal winds, associated vertical shears, and
temperature.

2. Experimental Details and Data Analysis

[s] The National Atmospheric Research Laboratory
(NARL) at Gadanki (13.5°N, 79.2°E), India, operates a
mesosphere-stratosphere-troposphere (MST) radar, which

is a Doppler radar at a frequency of 53 MHz and peak
power aperture product of 3 x 10'® W m 2. The antenna
consists of a 32 x 32 array of 3 element Yagi aerials with
covering a geometric area of 130 x 130 m”. The radiation
pattern of radar has 3° beam width with gain of 36 dB
and first side lobe level of —20 dB. A detailed description
of this radar is given by Jain et al. [1994] and Rao et al.
[1995]. A detailed experimental specification file is given
in Table 1.

[6] For the present study, two intensive campaigns
carried out at Gadanki were used. The main themes of the
campaigns were to study the various aspects of atmo-
spheric dynamical processes associated with atmospheric
convection, turbulence, waves, tides and tropopause
dynamics. The first campaign (campaign 1) was carried
out from 19 July to 14 August 1999, which is Indian
summer monsoon period, and the second campaign
(campaign 2) was from 19 January to 10 February 1999,
which is the winter period. During campaign 1, everyday
the radar was operated in two modes. In the first mode
(see Table 1, mode 1) the radar was operated to obtain
the three-dimensional wind fields (zonal, meridional,
and vertical) between 1645 and 1730 IST (IST = GMT +
5:30 h), and in the second mode (see Table 1, mode 2)
the radar was operated continuously between 1730 and
1930 IST in vertical beam mode. The second mode radar
observations were used to collect the vertical beam echo
power and vertical wind velocity. Along with radar
observations, simultaneous in situ measurements were
also carried out by launching radiosonde everyday at
1600 IST (IST = GMT + 05:30 h) for campaign 1. These
radiosondes are of standard design developed by the



Table 2. Details of Data Used for the Present Study

Campaign Period/Date of Observation Mode of Operation System Operated
1 19 Jul to 14 Aug 1999 Mode 1/Mode 2 MST radar and radiosonde flight
2 19 Jan to 10 Feb 1999 Mode 1/Mode 2 MST radar

India Meteorological Department (IMD) [Jain et al.,
2006]. Radiosonde measurements of pressure, tempera-
ture, and humidity data are obtained for every 1 min
interval corresponding to a vertical height interval of
~300 m. The radiosonde reached an altitude of about
30 km in about 1 h 40 min from the time of launch. The
radiosonde data are interpolated using linear interpolation
at the height interval of 150 m to match the height levels
of measurements by the two instruments. The atmo-
spheric stability parameter (N°) and vertical shear of
horizontal wind (0U./0z) are computed for each radar
range gate (150 m) with a vertical resolution of 300 m.
Thus, the effective height resolution is ~150 m. Simi-
larly, in campaign 2, the radar is also operated in both
mode 1 and mode 2. For both of the two campaigns the
three-dimensional winds are averaged over 30 min from
~1645 to 1715 IST. The continuous vertical velocity
measurements for 2 h from ~1730 to 1930 IST are
considered for the present analysis to estimate Brunt-
Vaisala frequency (V). The details of the data used for the
present study are given in Table 2.

3. Methods of Determining Atmospheric
Turbulence Parameters

[7] Different methods of determining atmospheric
turbulence parameters have been discussed [Hocking,
1985; Nastrom et al., 1986; Rao et al., 1997, 2001;
Satheesan and Murthy, 2002; Ghosh et al., 2003]. There
are three methods for determining turbulence parameters
using radar spectral parameters, namely, (1) power,
(2) spectral width, and (3) variance methods. Actually,
there are two methods that make use of observed spectral
width, namely, spectral width method 1 and spectral
width method 2. In spectral width method 1, Brunt-
Vaisala frequency N is required for estimation the tur-
bulence parameters, which are normally derived from the
in situ measurements of temperature. In spectral width
method 2, only the antenna characteristics are used and
no temperature measurements are required. Estimation of
turbulence parameters using spectral width method 2 may
not be possible to find accurately at the height where
wind shear is high [Cohn, 1995]. Hocking [1996] and
Nastrom and Eaton [1997a] reported that the spectral
width method 2 is appropriate only in the lower atmo-
sphere below 5 km, whereas width method 1 is more
appropriate at higher altitudes. So, in the present study,

spectral width method 1 is used for estimating turbulence
parameters like (1) eddy dissipation rate (¢), (2) eddy
diffusivity (Kj), (3) buoyancy scale size (L), and (4) the
minimum scale size (/y). The spectral width method
makes use of the observed radar received signal half
spectral width to determine e [Cunnold, 1975; Sato and
Woodman, 1982; Hocking, 1983, 1985; Fukao et al.,
1994; Jain et al., 1995; Nastrom and Eaton, 1997a,
1997b; Rao et al., 1997, 2001; Ghosh et al., 2003]. It is
to be noted that, spectral width is estimated using oblique
beam instead of vertical beam as MST radar (53 MHz)
vertical beam is very sensitive to specular reflections.
Thus, the spectral width is estimated from the oblique
beam as oblique beam is largely free from Fresnel
scattering/reflection [Rotteger and Larsen, 1990]. The
effect of specular reflections is free beyond 10° oblique
beam [Gage and Balsley, 1980]. However, the observed
radar signal spectral width (0,50ps) in the oblique beam
consist of real spectral width (/) due to backscattering
from refractive index irregularities associated with
atmospheric turbulence along with (1) beam broadening
due to finite beam volume (0 5peam), (2) broadening due
to wind shear (0 5gnear), and (3) also contamination due
to transience effect (01 ,2uansit) [Atlas et al., 1969; Sato
and Woodman, 1982; Hocking, 1983, 1985, 1986,
1996; Hocking and Lawry, 1989; Fukao et al., 1994; Jain
etal., 1995; Rao et al., 1997; Nastrom and Eaton, 1997a,
1997b; Ghosh et al., 2003]. Another effect by which
spectral width may be contaminated is due to the gravity
waves (01/2wave) [Murphy et al., 1994; Nastrom and
Eaton, 1997a). That is the measured signal spectral
width o00,s may be contaminated by nonturbulent
factors and thus, the broadening corrected spectral width
01,2 18 given by:

2 2 2 2
(01/2) = (01/20;;5) —(01/2heams) —(01/2shear)

(1)
The contribution of the spectral width due to beam and

shear broadening are given by [Hocking, 1983, 1985,
1986; Ghosh et al., 2003]:

- (al/Ztrans)2 - (Ul/Zwave>2

01 /2beam = 51/2|7h| (2)
1|oU,] . .
O\ )2shear = 5 ’8—2}’ AZSIHX (3)




where U, and |2%| are the horizontal wind speed and
vertical shear of horizontal wind respectively with height
(2). For Gadanki MST radar, the half power half width
(61/2) of the two way radar beam (1.1°) is 0.0019 rad.
Before calculating the wind shear, the wind data are also
averaged over ~30 min to remove the high-frequency
fluctuation.

[s] It is to be noted that in the present analysis the
number of incoherent integration of the spectrum is unity
(see Table 1), and the beam dwell time is estimated to be
16 s. Thus, the spectral width contamination due to
transience effect (0 atansit) 1S minimal and can be
neglected for the present analysis. However, the effects
of gravity wave on spectral broadening is estimated by
using hourly mean standard deviation of vertical velocity
(mode 2 experiment) as described by Nastrom and Eaton
[1997a]. The estimated (01 2wave)” 1S again reduced by a
factor 3/4 to account for a circular shape of MST radar
beam pattern instead of square [Nastrom and Eaton,
1997a]. In the present analysis, (01 wave) is found to
be relatively very small compared to the other correction
factors and thus, the effect of gravity wave is neglected.
The details of the spectral width correction can also be
found elsewhere [e.g., Hocking, 1983, 1985, 1986;
Murphy et al., 1994; Nastrom and Eaton, 1997a; Ghosh
et al., 2003, and references therein].

3.1.

[s] Energy dissipation rate is an important character-
istic of atmospheric turbulence and it represents the
amount of turbulence energy converted into heat of the
medium by viscous forces per unit mass per unit time.
The parameter ¢ is related to mean square fluctuations of
velocity of the medium and the half power half spectral
width of the received backscattered signal [Weinstock,
1981; Hocking, 1983, 1985; Fukao et al., 1994; Jain et al.,
1995; Nastrom and Eaton, 1997a] by equation

Energy Dissipation Rate

e = 0.4972N = 0.3307 ,N (4)
It is worth noting that oy, is the half power half spectral
width of the received signal spectra after correction for
broadening effects as mentioned above.

3.2. Vertical Eddy Diffusivity

[10] The vertical eddy diffusivity K}, is defined by the
kinematic heat flux and vertical gradient of the mean
potential temperature, i.e.,

K — —ow (5)
where w is the vertical velocity, € is potential tempera-
ture, and the over bar and the prime denote the mean field
and the perturbations, respectively.

[11] From the consideration of energy budget of the
turbulence and the definition of the static stability
parameter (N?) it can be shown [Fukao et al., 1994] that

66 R[
N2 where (5 = 1 _'Rf

K/I = (6)

where R, is the flux Richardson number. It should be
noted that the above expression gives a local value of K,
for locally homogeneous turbulence (say for each radar
volume cell).

[12] Lilly et al. [1974] used a value of 0.25 for Rrand
obtained = 1/3 = 0.33. This value of 3 is also consistent
with the generalized formulation as given by Weinstock
[1981] where the dominant turbulence scale is slightly
smaller than the buoyancy scale. Equations (4), (5), and
(6) yield

Ky =~0.33eN "2 or K ~ 0.1, 3N~ (7)

3.3. Scale Size of Turbulence

[13] The inner scale and buoyancy scale size are
important for the discussion of turbulence. The inner
scale size of turbulence /, is estimated using the rela-
tionship

lo=174n (8)

where 7 is the Kolmogorov microscale.

and

2.0x 1073
V=—
p

(10)

where v, € and p are the kinematic viscosity, eddy dis-
sipation rate and the atmospheric density, respectively.
Atmospheric density for determination of n and [y is
taken from the model by Sasi and Sen Gupta [1986],
which is a representative model for Indian tropical
region.

[14] The buoyancy scale Lp determines the transition
scale lengths between the inertial and buoyancy range
and the same is given by [Weinstock, 1978; Hocking,
1985; Jain et al., 1995]

- 2n cl/2N-3/2

- 0.62 (1)

It should be mentioned here that equation (8) is appli-
cable only to shear generated turbulence in statically
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Figure 1. (a) Time series of vertical velocity at 8 km
and (b) its corresponding spectrum on 21 July 1999.
The star in the spectrum indicates the Brunt-Vaisala
frequency (N), and the dotted line is twice the standard
deviation (20), above which the peak is significant.

stable atmosphere. For convective turbulence, N* < 0 and
therefore above equation would not be meaningful.

4. Method of Determining Stability
Parameter N> Using MST Radar

[15] It is a well known fact that MST radar is a unique
instrument to provide direct high resolutions (height and
time) measurement of vertical velocity [Rao ef al., 1995,
and references therein]. Though the magnitude of the
vertical velocity in the troposphere and stratosphere is
very low of the order of a few centimeters during clear-
air conditions, it shows very high variability [Uma and
Rao, 2009]. The peak corresponding to the spectrum of
vertical velocity fluctuation indicates Brunt-Vaisala fre-
quency, which have a typical characteristic of steep and
slow decrease in the high and low frequency side,
respectively. The typical vertical velocity fluctuation
and its corresponding spectrum at 8 km are shown in
Figures la and 1b, respectively. The star in the spec-
trum indicates the Brunt-Vaisala frequency N, and the
dotted line is twice the standard deviation (20), above
which the peak is significant. Similarly, the Brunt-Vaisala
frequency is identified for each height to generate height
profile. It is to be noted that the stability parameter can
only be estimated during clear air, i.e., nonconvective

day. Here the nonconvective day means the vertical
velocity should be within +1.0 m/s [Uma and Rao,
2009]. Thus for the present study, only nonconvective
days are considered. The detailed method for the esti-
mation of Brunt-Vaisala frequency from MST radar can
be found in the works of Rotteger [1986] and Revathy
et al. [1996].

[16] Figure 2 (left) shows the typical profile of N*
derived from MST radar (solid line) and simultaneous
radiosonde observation at Gadanki on 24 and 28 July
1999. It can be seen from Figure 2 that the height
profile of N* derived from MST radar and radiosonde
show comparable good agreement. Using N?, the atmo-
spheric temperature (7) can be estimated by using the

relationship
2 dT

N { yE + F} (12)
where g, and I" are acceleration due to gravity and adi-
abatic lapse rate, respectively [Revathy et al., 1996].
Figure 2 (right) shows the typical profile of atmospheric
temperature derived from MST radar (solid line) and
simultaneous radiosonde observation at Gadanki on
24 and 28 July 1999, which show good comparison. The
horizontal arrows indicate the corresponding cold point
tropopause height. This shows the potential of MST radar
to derived Brunt-Vaisala frequency and atmospheric
temperature in clear air condition. The error in the esti-
mation of Brunt-Vaisala frequency and atmospheric
temperature derived form MST radar vertical velocity
measurement is presented by Revathy et al. [1998].
Authors have found that the standard deviation of N =
0.0018 for 60 min of radar observations. Thus, the
standard deviation of temperature is between 0.29 and
1.1 K with 300 m height resolution. However, for the
present study, N* derived from MST radar are directly
used for the estimation of turbulence parameters.

5. Observational Results

5.1. Height Proﬁles of Temperature and Stability
Parameter N During Monsoon and Winter Seasons

[17] Figure 3 shows the height profiles of Brunt-
Vaisala frequency and temperature for two days of
monsoon and winter seasons using MST radar observa-
tions. Height profile of N? and T are not drawn between
8 and 10 km, as it was difficult to estimate the vertical

elocity spectrum due to reduced detectability of the
signal in this height interval on 21 July 1999. The dif-
ference in height characteristics of N* and temperature
during two winter and monsoon days shows distinct
features. The temperature profiles for two winter days
presented here, show that height as well as the temper-
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Figure 2. Height profiles of stability parameter (N*) and atmospheric temperature for two days
(24 and 28 July 1999) during monsoon season using radar and radiosonde observations. The
horizontal arrows indicate the cold-point tropopause height.
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Figure 3. Height profiles of stability parameter (N*) and atmospheric temperature for two days of
monsoon (21 and 27 July 1999) and two days of winter (21 and 27 January 1999) seasons using
radar observations. The horizontal arrows indicate the cold-point tropopause height.
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ature at tropopause (indicated by horizontal arrows) is
higher as compared to the two monsoon season days.
Figure 3 also shows that the lapse rate during monsoon
season tends to be higher as compared to the winter
season. Height profiles of atmospheric stability param-
eter N? show that during monsoon season atmosphere
is less stable as compared to the winter season, indi-
cating more turbulent activity during monsoon season,
as expected.

[18] It is often observed in the lower stratosphere the
presence of multiple layer structures in both temperature
profile as well as in the radar return, which is attributed
due to the propagation or breaking of gravity wave. These
temperature structures are known as temperature sheets,
i.e., multiple stable layers, which are clearly observed as
enhanced N° in the lower stratosphere (namely, strong
temperature gradient in the upper troposphere and lower
stratosphere). Thus, the observed multiple enhanced
peaks in the height profile of N* are due to the presence
of temperature sheets in the lower stratosphere during
monsoon [Luce et al., 2001, and references therein].
As we know that during monsoon, the probabilities for
the generation of gravity waves are more due to con-
vection, thus, the probabilities of multiple layer in lower
stratosphere is also more. However, the lower enhanced
peak is due to the temperature gradient at tropopause
height.

5.2. Height Profiles of Wind Speed and Vertical
Shear During Monsoon and Winter Seasons

[19] Figure 4 shows the height profiles of zonal and
meridional wind speed for two days of monsoon and
winter seasons. From Figure 4, strong easterly jet winds
are observed during monsoon, whereas relatively weaker
westerly winds prevail during winter season. Figure 5
shows the height profiles of wind speed and vertical
shear of horizontal wind for two days of observations
during monsoon and winter seasons. Since the radar
resolution is 150 m, the wind shear is calculated with a
height resolution of 300 m. From Figures 4 and 5 it can
be seen that tropical easterly jet (TEJ) associated winds
are observed during monsoon season and strong vertical
shears are observed at the upper edge of tropical easterly
jet winds during this season. Shears are relatively weaker
near the bottom of the jet stream. During the winter
season, wind speeds are relative weaker, as compared to
monsoon season, and shears are also relatively weak
except at some heights.

5.3. Mean Height Profiles of Atmospheric
Temperature, Stability Parameter, Wind Speed,
and Shear During Monsoon and Winter Seasons

[20] Figure 6 (top) shows the mean height profiles
of stability parameter and temperature, and Figure 6
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Figure 5. Height profiles of wind speed and vertical shear of horizontal winds for two days of
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radar observations.

(bottom) shows the mean wind speed and vertical shear
of horizontal winds obtained using all the individual days
of observations for both the seasons. These height pro-
files are representative of temperature, stability parame-
ter, wind speed and wind shear for monsoon and winter
secason at this tropical station Gadanki. The horizontal
bars show the standard deviation, representing day-to-
day variability of these parameters during two observa-
tion campaign periods. The average temperature profiles
show that during winter season tropopause height is
higher where as tropopause temperature is lower as
compare to the monsoon season [Murthy et al., 1986].
This particular feature is also observed from atmospheric
model by Sasi and Sen Gupta [1986] which is applicable
to Indian tropical latitudes. The stability parameter N°
show that during winter season atmosphere is more stable
compared to monsoon season and temperature lapse rate
is higher during monsoon as compared to winter. One
additional distinct feature that can be noticed in Figure 6
is sharp increases in parameter N? near the height of
tropopause during monsoon season, which is attributed
due to the presence of temperature sheets [Luce et al.,
2001].

[21] The average profiles of wind speed and shear
shows that during monsoon season wind speed as well as
shears are high as compared to winter season except at
the height 14.5 to 16 km where shear is higher during
winter season. This is expected, since peak easterly jet

winds are observed during monsoon season in this height
range (14.5-16 km) and vertical shears at the core of jet
winds are normally weak [see Ghosh et al., 2000].

5.4. Turbulence Parameters During Monsoon
and Winter Seasons

[22] Figure 7 shows the height profiles of log ¢, log K,
lp and Lp for two days of monsoon and two days of
winter seasons, making use of corrected spectral width
(0125¢) and spectral width method 1. It can be noted from
Figure 7 that the height profiles of monsoon season e
and K;, show higher values as compared to winter
season except in the height range of 15.15-15.90 km. In
Figures 7 and 8, height profiles of various turbulence
parameters are not drawn during monsoon season in the
height range of 14.55—-15 km, as it is difficult to estimate
the spectral width oy/,,,s accurately in this height range
due to reduced detectability of the signal in this height
interval. Height profiles of turbulence parameters of both
the seasons show multiple peaks in the height range of
1620 km as well as at the lower heights. These peaks are
more distinct during monsoon season as compared to
winter season. The inner scale size /, during monsoon
season is less compared to winter season as it is inversely
proportional to the €. The increasing trend of inner scale
size [y with height is due to decreasing air density. The
buoyancy scale size Lg, above 5 km, is higher during the
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monsoon season as compared to winter season and
afterwards the value is decreasing with height.

[23] Figure 8 shows mean height profiles of log e,
log K}, Iy, and Ly obtained using the data of all the indi-
vidual days during monsoon and winter seasons. These
height profiles represent the height variation of the tur-
bulence parameters at this tropical station Gadanki during
monsoon and winter seasons. It is clearly noted that the
value of eddy dissipation rate € during monsoon season is
larger in lower altitudes up to ~14 km and the minimum
value is found at about 2-2.5 km below the mean tro-
popause height as compared to winter. The maximum
eddy dissipation rate £ during monsoon is found in the
lower stratosphere, above the height of jet stream where
strong wind shear is observed. This shows an abrupt
transition of eddy dissipation rate € across the tropo-
pause. It is noteworthy that the maximum wind shear and
enhanced stability parameter N* occurs in the vicinity of
mean tropopause height during monsoon. Thus, the
secondary peak of € during monsoon is attributed due to
the existence of strong wind shear and enhanced stability
parameter N in the vicinity of mean tropopause height.
During winter such secondary peak is not observed
which may be due to the absence of strong wind shear or
stability parameter N°. However, in the vicinity of mean

tropopause height, there is no remarkable variation in
eddy dissipation rate between winter and monsoon. Thus,
the larger difference of eddy dissipation rate £ between
monsoon and winter is due to the seasonal changes of
(012)* and N?. In lower height region below tropopause,
the values of & mainly contributed by (oy,,)°, whereas
above tropopause it will be the contribution by both
(01)* and N?. This is in consistence with the results
obtained by Nastrom and Eaton [1997a].

[24] Rao et al. [2001] have reported the diurnal vari-
ability of turbulence parameters at Gadanki. The authors
found that peak value of eddy dissipation rate £ occurs
between 1700 and 1900 h (IST) in both monsoon and
winter. It is noteworthy that the present observation is
between 1645 to 1730 IST in mode 1 experiment and 1730
to 1930 IST mode 2 experiment. Since the observations
time in both the seasons remain same (1630-1930), thus
in the present study diurnal effect is ignored.

[25] The height profile of K, clearly show that mon-
soon season K, values are higher compared to the winter
season. In monsoon season K, generally has maximum
values at lower altitudes, i.e., 4-13.5 km and a secondary
peak is observed in the vicinity of tropopause with a
minimum in the height of occurrence of maximum
intensity of jet stream. Values of K, in winter season in
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Figure 7. Height profiles of the eddy dissipation rate (¢), vertical eddy diffusivity (K}), inner scale
size (/y), and buoyancy scale size (Lp) for two days of monsoon (21 and 27 July 1999) and two days

of winter (21 and 27 January 1999) seasons.

the altitude range of 15—15.5 km are slightly larger than
monsoon season values. This is again accredited due to
less wind shear at the core of the jet stream during
monsoon. The height profiles of inner scale size /, in the
lower altitude, i.e., 4—12 km show an increase with height
for both the seasons. The values of both the season are
comparable except in the upper troposphere and lower
stratosphere where winter season values are higher. The
height profiles of Buoyancy scale size Lg of turbulence
shows the values decrease with height for both the sea-
sons but above jet stream, the values are almost constant.
In comparison to winter, monsoon season values are
larger between 5 and 14.55 km with a peak between 9
and 13 km. The height profiles of /, and Lz show that
inertial subrange decreases with increase in height for
both seasons.

6. Discussion

[26] The height profiles characteristics of turbulence
parameters during both the seasons are almost similar but
magnitudes during monsoon are higher in general, as

compared to winter season. Higher values of turbulence
parameters at lower and middle troposphere during
monsoon season partly may be due to higher values of
wind shear (see Figure 5, bottom). Enhanced values of
turbulence parameters in upper troposphere and lower
stratosphere are due to strong observed vertical shear of
horizontal winds and temperature gradients associated to
sharp enhancement in N” (see Figure 6) during monsoon
season at these heights. During winter season, turbulence
parameters are observed to be higher compared to mon-
soon season in the vicinity of tropical tropopause. Nor-
mally peak jet winds are observed during monsoon
season at the height region between 14 and 17 km (near
tropopause). At the core jet winds, the vertical shears of
horizontal winds are small. So, in this region turbulence
parameters can be expected to be weaker during mon-
soon season as compared to winter season. At the lower
stratospheric height, i.e., above the jet stream (>19 km),
during both the season winds, vertical shears of hori-
zontal winds and temperature gradients are same. In
lower stratospheric region above the height level of
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Figure 8. Mean height profiles of €, K, [y, and L using the corrected spectral width of all the data
from campaigns of observations from 19 July to 14 August during monsoon season and 19 January

to 10 February 1999 during winter season.

19 km, turbulence parameters are almost equal in mag-
nitude during both the seasons as expected.

[27] It would be interesting to compare height char-
acteristics of various turbulence parameters and their
magnitudes with some of the available observations. Sato
and Woodman [1982], from Arecibo radar (18°N) mea-
surement on one winter day and reported a value of ¢
between 10> to 10 m?s in the height range of 14—
19 km with a minimum value at a height of 17.4 km. The
corresponding values for K, reported by these authors,
are in the range of 0.01 to 1.0 with a minimum value at
17.4 km. The corresponding values from the present set
of measurements for the same height range are of the
same order as reported by Safo and Woodman [1982].
Jain et al. [1995] reported measurements of turbulence
parameters using spectral width methods for Gadanki, in
the height range of 4-11 km using Indian MST radar
in ST mode. These measurements refer to one day in
March. The magnitudes of €, K}, and Lg reported by Jain
et al. [1995] compare well with the present monsoon
season measurements. Satheesan and Murthy [2002]
reported measurements of turbulence parameter e for

Gadanki during winter season (January—February) in the
height range of 3.6-25 km using Indian MST radar
observations. This parameter is estimated by spectral
width, power and variance methods and the values
obtained using these methods are compared. These
measurements compare well with the winter season
measurement magnitudes as well as characteristics wise
reported in the present study. A comparison of the
present measurements of € with those reported by Rao et
al. [1997], using spectral width method, for Gadanki for
the month of July 1996, shows similarity in height struc-
ture. However, magnitudes obtained from present mea-
surements are significantly higher than those reported
by Rao et al. [1997].

[28] Fukao et al. [1994] presented three years of
measurements of K, using MU radar. Nastrom and Eaton
[1997b] have presented climatology of K, at White Sand
Missile Range (WSMR) during 1991-1995. Nastrom
and Eaton [1997a] also presented detailed climatology
of £ using WSMR for the period 1991-1995. The authors
found that the maximum eddy dissipation rate at the
lower altitude and the minimum values at about 2-3 km



below the tropopause height, depending upon seasons.
They have also reported that summer values are several
decibels larger than the winter value in the middle tro-
posphere. The largest seasonal difference of eddy dissi-
pation rate ¢ are explained in term of seasonal changes of
(012)* and N?. Their studies also show the transition of &
across the tropopause with maximum at lower strato-
sphere in all seasons. However, there is no much
remarkable seasonal variation in the vicinity of tropo-
pause. These measurements reported in these papers also
make use of the spectral width method but refer to
midlatitudes.

[29] Rao et al. [2001] and Ghosh et al. [2003] have
shown the value of K, in the range of 0-0.8 m? s ! using
Gadanki MST radar. The present observation of Kh is
well comparable with the value reported earlier at
Gadanki. The value of K, reported by Fukao et al. [1994]
and Kurosaki et al. [1996] for the month of July is in the
range of 0.3-3.0 with a peak value at around 12 km. The
corresponding value given by Nastrom and Eaton [1997b]
is also in the same range but the height structure of the
profile in two cases is different. However, the value of
K, at Gadanki above 14 km is somewhat smaller (0.01—
0.3 m’s ') as compared to those reported by Fukao et al.
[1994] and Nastrom and Eaton [1997b]. This may be due
to the latitudinal difference, as the present observations
are over tropical station Gadanki, whereas the observa-
tions made by Fukao et al. [1994] and Nastrom and
Eaton [1997b] are over midlatitude. The height struc-
tures of K; show a secondary peak in the vicinity of
tropopause. This height structure of K, is similar to that
reported by Nastrom and Eaton [1997b]. The height
profile of ¢ as reported by Nastrom and Eaton [1997a]
for the month of July for WSMR is very similar to
present monsoon season observations and comparable in
magnitude. Both of these results show a secondary peak
in the vicinity of tropopause. Further studies at this lati-
tude will be aimed to quantify the seasonal climatology
of turbulence parameters by collecting long-term MST
radar data in mode 1 followed by mode 2 experiments.

7. Conclusions

[30] In the present analysis, observations made in two
intensive campaigns carried out over Gadanki using MST
radar are used for the estimation of turbulence parameters
in two different seasons. The following salient features
are brought out.

[31] 1. MST radar and radiosonde observations of
temperature and Brunt-Vaisala frequency are reasonably
well matched during monsoon season for convection free
days.

[32] 2. During monsoon season strong easterly jet
winds are observed, where as during winter season weak
westerly winds are observed. During monsoon season

horizontal winds as well as vertical shear of horizontal
winds are stronger as compared to winter season.

[33] 3. During winter season, tropopause height is
higher, whereas tropopause temperature is lower as
compared to monsoon season. This phenomenon is also
confirmed by atmospheric model, a representative of
Indian tropical region.

[34] 4. It is clear from the present observations that
monsoon season turbulence parameters magnitudes are
higher as compared to winter season except in the height
region of 13.5-16 km., which is the jet core region. The
higher values of turbulence parameters, at other height,
during monsoon season are due to large contribution
from strong vertical shear of horizontal winds and tem-
perature gradient during this season.
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