














20

24 July 1999

16 -

Height ( km )

12

T T ¥ T ¥ T

28 July 1999

Radiosonde
— MST Radar

T 1

T v T

— .
04 06 08 1.0

Nz (xlO'3 ra(12 s*z}

1.2

-80 -60 -40 -20 0 20

Temperature (°C)

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.



NI BT B

12
8 - ——21 July 1999 |
1 21 January 1999 .
4 3———— : : :
20 . .
T :
2 12 =
2 8 27 July 1999 |
= 7 27 January 1999 ]
4 T I T [ T T | T ‘ T T | T | | T ‘
50 -40 =30 -20 -10 0 10 20 -10 -5 0 5 10 1

Zonal ( ms‘l )

n

Meridional ( ms'l )

Figure 4. Height profiles of zonal and meridional wind speed for two days of monsoon (21 and
27 July 1999) and winter (21 and 27 January 1999) seasons radar observations.

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
monsoon (21 and 27 July 1999) and two days of winter (21 and 27 January 1999) seasons from

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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Figure 6. Height profiles of (top) mean atmospheric stability parameter and temperature, and
(bottom) wind speed and vertical shear of horizontal winds for monsoon and winter seasons.
Horizontal bars show the standard deviation of measurements for each season.

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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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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