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Abstract. The present study is specifically focused on thel Introduction
seasonal, annual and inter-annual variations of the refrac-

tive index structure paramet@j) using three years of radar The lower troposphere plays a vital role in various atmo-

observat|](c)ns. Ene_zrg)l/ dissipation :ate$ Quring (;hfferent spheric processes such as convection triggering, turbulent
seasons for a particular year are also computed over a trofz, g1t of various quantities like latent heat, pollutants,

ical station, Pune. Doppler spectral width measurementsy,,entym etc. Knowledge of the turbulence and other at-

”?"?‘de by the V_\/md Proﬂler., under various atmospheric CONmospheric parameters is essential for several applications in
ditions, are utilized to estimate the turbulence parameters

he refractive | ios fromli6 numerical weather prediction, chemical modeling of the at-
The relgactl\éesmdex structure parameter varies from 1t mosphere and in thorough understanding of the dynamics of
to 10713m~2/3 under clear air to precipitation conditions

. . : : the lower troposphere. Frictional forces due to earth’s orog-
in the height region of 1,05 to 10.35km. During the mon- 55,y pjay 3 dominant role in generation of turbulence. Tur-
soon months, observed;

values are up to 1-2 orders of ;o gissipation and diffusion are the processes through

magpnitude higher than those during pre-monsoon and post; wich transport of heat, energy, momentum and mass take
monsoon seasons. Spectral width correction for various nong,

| | ) h ; |&I)dr?ce in the atmosphere close to the surface of the earth.
turbulent spectral broadenings such as beam broadening ang,is can affect the energy budget. Turbulence also influ-

shear broadening are made in the observed spectral width fQf, .o he diffusion of pollutants from near earth surface to
reliable estimation ot under non-precipitating conditions. higher altitudes. So, the knowledge of turbulence parame-
Itis found that in the lower troposphgric; he:i%ght region, val- yorq is essential. Turbulence generated by solar heating of
ues ofz are in the range of 16 to 10-*m?s~. In summer the earth’s surface (convection), is known as thermal turbu-
and monsoon seasons the ob_served valuegw larger than lence and presence of an enhanced wind shear also leads to
those in post-monsoon and winter séasons in the lower ropQg, 1 jjence, usually called mechanical turbulence which can
sphere. A comparison @? observed with the wind profiler be frequently seen at the top of the boundary layer. Ther-

and that estimated usir)g Rad.io Sonde/Radio Wind (RS/RW}naI and mechanical turbulence frequently occur in the lower
data of nearby Met station Chikalthana has been made for th?roposphere.

month of July 2003. . : .
Observations taken by aircrafts, radiosonde and towers
Keywords. Meteorology and atmospheric dynamics (Cli- have provided a wealth of information for lower atmospheric

matology; Convective processes: Tropical meteorology; Tur-Studies. However, the development of wind profilers has
bulence) revolutionized the lower atmospheric studies with their ex-

cellent height and temporal resolutions (Gage and Balsley,
1978; Balsley and Gage, 1982). The UHF wind profilers are
better suited for lower tropospheric observations (Ecklund et
Correspondence td\arendra Singh al., 1988; Rogers et al., 1993; Gage et al., 1994; Ralph et
(narendra@aries.ernet.in) al., 1995; Williams et al., 1995; Gossard et al., 1998). One
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such UHF radar is located at India Meteorological Depart-imum of four observations available during the day time
ment (IMD) Pune (Pant et al., 2005), which is being utilized are averaged to get daily means and then further averaged
to carry out studies of turbulence and precipitation. Manyto obtain monthly means. In the case of seasonal varia-
researchers have examined the possibility of deducing turtions, only 12:00 GMT data has been utilized. Therefore,
bulence parameters viz., refractive index structure parameteio get the seasonal features of the turbulence parameter, this
(C,?), turbulent energy dissipation rate) (and eddy diffu-  monthly mean profile for different seasons is plotted against
sivity (K,) from the observed Doppler spectrum using wind altitude to obtain the mean picture of the height profil€f
profiling radars (Frisch and Clifford, 1974; Hocking, 1983, In monsoon, June—September, in post-monsoon, October—
1996; Gage, 1990; Jain et al., 1995; Gossard et al., 1998December, in winter, January—February, and in pre-monsoon
White et al., 1999; Ghosh et al., 2001; Satheesan and Krer summer, March—May months are taken to analyze the sea-
ishna Murthy, 2002; Zink et al., 2004). sonal features. Also standard deviation is calculated with 30
The 404 MHz profiler detects the clear air and precipita- days time series for each month.
tion signal simultaneously, under moderate rain conditions. The annual variability during the three year period is ob-
Since a UHF radar is quite sensitive to hydrometeors it istained from monthly mean height profiles 6f using daily
therefore, during heavy rain, difficult to separate clear air andaveraged profiler data. The mean inter-annual picture is also
hydrometeor echoes from the observed Doppler spectrum asxamined using the same statistics as in the case of annual
the precipitation echoes completely overwhelm the clear aivariability.
echoes. Clear air signals can be separated from precipitation
signals when two peaks are distinct in the spectrum, but thi.1 Formulation for refractive index structure parameter
is arather complex process. Itis therefore essential to choose (C,?) from wind profiler at Pune
clear days for estimating the energy dissipation rates from the
UHF radar observations including the monsoon season. ~ Small scale turbulence plays a crucial role in the atmo-
C? and ¢ have previously been estimated over the In- spheric dynamics, because it not only heats the atmosphere
dian region by other scientists with radars operating at dif-but also causes diffusion of momentum, heat and mass.
ferent frequencies or with RS/RW data (Sarkar et al., 1985:Since wind profiling radars operating at VHF-UHF bands are
Satheesan and Krishna Murthy, 2002). For the first time, arinainly sensitive to inhomogeneties in the radio refractive in-
attempt has been made for this tropical station, to estimatélex associated with small scale atmospheric turbulence, the
C? ande with the wind profiler operating at 404 MHz. The backscattered signal can be effectively used to quantify the
data used for this study is presented in the subsequent sectigffect of turbulence. Atmospheric turbulence is defined by
and is intended to examine seasonal, annual and inter-annutle two parameters refractive index structure constap (
variations ofC? and the seasonal variationafThe purpose ~ and energy dissipation rate)(
of this study is to add into the observations made by profilers The magnitude of the backscattered echo from the clear
in the tropics and to investigate the significant variability ob- atmosphere depends on the intensity of the refractive index
served in the turbulence. In Sect. 2, systematical account ofluctuation/turbulence, which is parameterizeddfy Based
the data and mathematical formulations used for computingn the detectability (SNR) given by Gossard and Strauch
the C2 and is given. Section 3 discusses the results and(1983), we can estimaig? values at different heights in the
Sect. 4 contains the summary, comments and the concludingtmosphere from the corresponding return signal spectrum.
remarks. By taking into consideration the coding gaim™ which is
1 for lower mode and 8 for higher mode operation of the
wind profiler because at higher altitudes theud6pulse is
2 Data base and methods of analysis coded with 8 bauds of 2s each. Hence?,f is calculated by
knowing the radar parameters (Table 1) as
Three years of Wind Profiler/Radio Acoustic Sounding Sys-
tem (WP/RASS) observations from June 2003—-May 2006,2 _ 5.263n.KpTopR%.0v(SNRy; [ 7
taken on GMT hours at the intervals of 3 h, under various " ~— K (a0 P A)LXYSAR ToAV
atmospheric conditions, have been utilized. The wind pro-
filer has got two modes of operation, namely lower mode orwhere,K 3 = Boltzman constant;? = variance of the signal
lower height (LH) and higher mode or higher height (HH). spectrum, AV = spectral measurement resolution (mfs),
The lower mode of operation starts measurements at range constant which depends on Radar beam width; assuming a
gate 1.05 to 4.35km and higher mode at 3.15 to 10.35 kmGaussian beam, the constant is 0.0354 (Gossard and Strauch,
There are 12 range gates in LH and 25 range gates in HH.983).
at the equal spacing of 300m. To study the seasonal, an- The velocity resolution depends upon the entire Nyquist
nual and inter-annual features 6f, the data obtained only ~ (unambiguousVmax=A/4N.IPP) window of the spectrum,
during the day time observations (i.e. at 03:00, 06:00, 09:0@herefore AV will be different for Lower and Higher
and 12:00 GMT) for all three years, have been used. Maxmode operations of the Pune profiler; for lower height

1)
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Table 1. Experimental specifications and data processing parameters.

Wind profiler location at Pune (18 %, 73.85 N)

Parameter Specifications

Radar wave lengthi( 74cm

Transmitted peak poweP) 16 K Watts

Effective aperture4.) 80 n?

3 dB beam widthq) <5°

Half power beam width of the profiler antenrigpf{  2.5°

Off zenith angle or Elevationy() 16.3 or 73.7

Receiver path lossx) 2.2dB

Transmitter path lossy{) 0.8dB

Kolmogorov Constanta) 1.6

Total system temperaturé&y,) 800K

Pulse width ¢) (LH/HH) 2 us uncoded)/16es (8 bit coded of 2us baud length)
Inter Pulse Period (IPP) LH/HH 60s/160us

Range resolutionf R) 300m

Coherent integrations 76 (selectable)

Incoherent integrations 10

Power aperture product ~2x104 in Lower Mode

(Including losses) ~7x104 in Higher Mode

Range binsR) Lower mode, Higher mode 1.05-4.35 (km), 3.15-10.35 (km)
Beam dwell time in secTg), LH & HH 32.3&85.5

3.15-4.35 range bins are common to both modes

AV=0.15m/s and for higher heights it is 0.06 m/s. The spec-region. Most of the turbulent energy production occurs at
tral processing gain (SPG) will be different for the two oper- scale sizes between/$and!,/6, wherel, is defined as the
ating modes amT,f is therefore calculated separately for the generic buoyancy/outer scale of turbulence &€ is de-

lower and higher altitudes. fined as the onset of the inertial subrange. The outer scale
5 . o I, is presumed to be around 10m (Van Zandt et al., 1978),
2.2 C;; from Radiosonde/Radiowind (RS/RW) although no direct evidence is available on the thickness of

, ) . a turbulent layer. The value d¥f is given by the relation
It is a well established fact that turbulence in the free atmo'(Doviak and Zrnic, 1993),

sphere is confined to thin horizontal layers separated by non
turbulent regions (Van Zandt et al., 1978; Doviac and Zernic,M 776 x 10 (P) <8 In QT)

1993). Although turbulence in these layers may be inher- T 9z

ently inhomogeneous and non isotropic, on local scales much 15500g 1 9Ing/dz

smaller than the thickness of these layers, it can be consid- [1+ = < - ——)]
. . T 29In6r/0z

ered as homogeneous and isotropic. If one further assumes

that the time to develop turbulence in the air is much smallefwhere P = atmospheric pressure in mi, = absolute tem-

than the overall characteristic time for evolution of the layer, perature (K),6; = potential temperature (K) = specific

the assumption of a steady state condition for the turbulenc@umidity (gm/kg), and; = altitude in meters (m).

may be justified. This is the basic premise of the theory of |t may be noted that value dff can be obtained from the

turbulent structure as enunciated by Tatarskii (1971), WhorRS/RW measurements of temperature, humidity and pressure

shows that the turbulence structure constalfo for the ra-  for different heights in the atmosphere. One may then esti-

dio refractivity can be written as mate the vertical profile of averag# from the RS/RW data.

C? — a2a' 123 12 ) However, it is already mentioned that the turbulent layers are
" 0 ’ rather thin {,~10-20 m) separated by non-turbulent regions
where,a? = constant = 2.8¢’ = ratio of eddy diffusivites  and hence in dealing with a radar situation one has to be able
~1, 1, = buoyancy/outer scale length of the turbulence specto estimate an average fraction of the radar beam/volume

trum andM = vertical gradient of the potential refractive in- which is turbulent, to get the correct estimate@f. One

®3)

dex fluctuations. may therefore, write
The total turbulent energy density spectrum consists of a .
production region, the inertial subrange and the dissipatiorff(radaD =C2F , 4)

www.ann-geophys.net/26/3677/2008/ Ann. Geophys., 26, 333592-2008
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here, “F” is the average fraction of the radar volume which length must be long enough to fully include the Brunt-Vaisala
is turbulent. ThisF factor is calculated from the Van Zandt period. It is generally assumed that the inertial subrange
et al. (1978)’'s model. extends up to the buoyancy scale or B-V frequency (Wein-
Calculations based on typical RS/RW data show that Fstock, 1978), although direct numerical simulation of turbu-
varies from 0.1 to 0.01 in the troposphere for height inter-lent flows indicates that the onset of the inertial subrange
vals around 600 m to 1km. In practic€? ., varies with ~ probably occurs at arounkk/6, where/; is the buoyancy
time of the day by as much as one order of magnitude at &cale of turbulence (Bakker, 2002). Following this, the vari-
given height. The value aff2 (and hencej_r%(radap) is dom-  ance of the vertical wind{?) due to turbulence is obtained
inated by humidity and its gradient in the lower troposphere.by integrating the power spectrum of the vertical wind from
In a dry atmosphere where the humidity) s very low be-  the B-V to the Nyquist frequency. This estimatessf (due to
yond a few km aItitudeC,f(radaD can be quite low, leading to turbulence) could be an underestimate because contributions
very weak radar signals even when turbulence may be confrom frequencies greater than the Nyquist frequency are not
siderable but the potential temperature gradient may be vergonsidered.
low. This limits the height coverage for measurements by the
profiler radar in the lower troposphere. 2.3.3 Doppler spectral width method

2.3 Estimation of energy dissipation rates (

Since the two methods described above involve various as-
Turbulent kinetic energy dissipation rate is one of the key pa-sumptions and approximations, and additional information
rameters in the atmospheric turbulence theory. It representgbout the temperature, pressure and humidity parameters are
the rate of transfer of energy from larger to smaller eddies innecessary, we therefore use the spectral width method and
the inertial subrange of inhomogeneties and rate of converconsider this to be the most suitable method to make cor-
sion of kinetic energy of turbulence into heat in the viscousrect estimations of energy dissipation rates. The method is
subrange. Above the boundary layer, the dissipation rate deprecisely discussed in relation to the data archived from the
creases rapidly to low values and rises again in the vicinity ofwind profiling radar at Pune. The experimentally observed
the jet stream (Joshi et al., 2006). The estimationisbased radial beam spectra are first manually edited to eliminate
on equations that follow from Kolmogorov-Obukhov laws of those spectra, particularly in the lowest two or three range
transformation of turbulent energy. There are three method®ins, which may be contaminated by interference.

proposed in the literature for the estimationsdfrom radar ~ The observed six-minute spectral width (second moment)
measurements. All these methods assume that turbulence {&|ues for the edited radial beam spectra are corrected for

iSOtrOpiC and well within the inertial Subl’ange. It is also as- non-turbulent effects. The true turbulence Varim’lﬁ;efor
sumed that the spectrum follows a Kolmogorov shape andne zenith beam, is written as

that the atmosphere is stably stratified. The first two methods

are described briefly and the spectral width method, which

has been followed in this study, will be discussed in detailsg2 = aj(observed —a? (5)
in the subsequent paragraphs.

2.3.1 Radar backscatter signal power method where,ova2 is the correction for the finite beam width and wind
shear effect. It is estimated by using Nastrom’s (1997) for-

The method proposed by Hocking (1983, 1985) uses the 0O-ttmulation given below:

moment of the velocity spectra. It makes use of the measured

profile of C2 and requires a well calibrated radar as well as 2 2?2 v

additional information about atmospheric humidity and sta- a2 = _PVTZ cod x — L {sinzx} (VT—Tr cosx)

bility. The method requires a reasonably well calibrated pro- 3 3 9Z

filer radar system and it also needs auxiliary measurements of 95 aVr 2 5

humidity and temperature gradients obtained usually by ra- +ﬂ {3+ cos4y — 4cos 2} <_8Z ) R

diosonde balloons, which are not currently available at Pune. 5 2 o

In the abs_ence of the availak_)ility_of such auxiliary data, the + 9_p cos 4 + o X cod X <8VT> AR )
spectral width method for estimationofs normally the pre- 3 0Z 12

ferred one.

232 Wind variance method where, V; = average horizontal velocity arlfZ- = vertical

shear of the average horizontal wind. Other variables are
In this method, wind variance is estimated from spectral anal-given in Table 1. The shed$7 is calculated from the aver-
ysis of the time series of vertical wind data and the dataageVy values for different heights. The correcte,ﬁl values

Ann. Geophys., 26, 3673692 2008 www.ann-geophys.net/26/3677/2008/
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Fig. 1. Height profile ofC,% as calculated from RS/RW (upper panel) and wind profiler Observations (lower panel). The radiosonde

observations start at few meters (0.6 km) above the ground and wind profiler observations at 1.05 km onwards, the contours above 1 km are

to be taken for comparison.

are then averaged to obtain the hourly averaged vaIue%.of
Henceg is calculated by

3

2

o
e=—

1
) 2 2
3 5 3 2a\3 VrTo 3
o[er (5)rete (3)' () )
where o2 is the variance in the vertical beama)within the
pulse volume. The parameters used in Eq. (7) are given by

- (7)

8=a=%

y2 = _1152_1%25 ........ forb <aand
b

h=1-(%)

www.ann-geophys.net/26/3677/2008/

s=0=(5)
y2=1- %2— %g ........ forb > a, 8
h=1-(%)

wherec = velocity of light,a = half the diameter of the cir-
cular beam cross sectioh,= half length of the pulseR =
range in metersy? = confluent hypergeometric expansion
introduced by Labbitt for the Frisch integral ang = con-
stant~0.5.

Ann. Geophys., 26, 3392-2008
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Fig. 2. Seasonal features 0]’,% with standard deviation, year 2003-2004. Total number of available data points for calculating seasonal
mean and standard deviation are 71 (for monsoon 2003, the upper left panel), 76 (for post-monsoon 2003, upper right panel), 54 (for winter
2004, bottom left panel), and 62 (for pre-monsoon 2004, bottom right panel).

3 Results and discussions time axis, the first 3 days in the month of July 2003 do not
have the radiosonde observations, therefore rest of the days
3.1 Comparison ofclg derived from wind profiler and are considered for the comparative differences in the values

RS/RW of C,%. The profiles in Fig. 1 are presented as a function of
height above the surface.
Comparison and trend validation of typicﬁE values ob- Figure 1 depicts that, in the both cases the higl’ﬁewal-

tained using the WP/RASS data for July 2003, are done withues of the order of magnitude 1¥* to 10733 m~2/3 are ob-
the C? values calculated from the RS/RW data at 12:00 GMT served during active phases of the monsoon in the month
from the nearby Meteorological station Chikalthana, Au- of July 2003. There are three active phases each over Pune
rangabad (1951 N, 75°24 E), because both stations are ly- (days 10, 19-20 and 24-27) and Chikalthana (days 6, 8 and
ing on the leeward side of the western Ghat. In the Fig. 122—25) during July 2003, showing highéﬁ values. How-

the data presented in two panels, each for radiosonde (uppee€yver, these three active phases with(ﬂﬁe/alues of as much
and wind profiler (lower), is starting at different altitudes as as 10 1¥m~2/3 can be clearly identified in the radar obser-
the data available for radiosonde is at 0.6 to about 9.0 kmyations indicated by the high reflectivity zones in the lower
and wind profiler observations are available in the range gat@anel of Fig. 1, whereas it is not as clear, except on 6 and
1.05-10.35km. Therefore, we focus the common altitude24 July, in the balloon measurements shown in upper panel.
range 1-9 km for comparing the two results. Moreover, onThis may happen due to the observing differences of balloon

Ann. Geophys., 26, 3673692 2008 www.ann-geophys.net/26/3677/2008/
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Fig. 3. Seasonal features with standard deviation, year 2004—2005. Total number of available data points for calculating seasonal mean anc
standard deviation are 77 (for monsoon 2004, the upper left panel), 67 (for post-monsoon 2004, upper right panel), 56 (for winter 2005,
bottom left panel), and 73 (for pre-monsoon 2005, bottom right panel).

sounding and the wind profiler (radar gives the volume re-diosonde data) and few regions of higﬁ values in active
flectivity and the balloon a point observation at a particu- phases as mentioned earlier.

lar altitude level). Rainfall recorded in 24h at Pune and ,
Chikalthana during these active phases is 25-30 mm and 2— In thezca_se of radiosonde, even after 5km, Eg%contours
11 mm, respectively, given in Indian Daily Weather Report ©f LO9C; display the values o+15.5 and—15m~/* ex-
(IDWR-July 2003). Below 1 km, in case of radiosonde data,tend'gg up to 9 km, except few days having relatively lower
we see the"? values of the order of 1635 to 10-13m~—2/3 LogC;(days 5, 6, 7 and 8)_ and on the days 30 and 3213when
almost all days in the given month. This is due to the mois-th€ observed values are in the rang&6.5 to—17m- o

ture brought through the south westerly winds in the lower'" the height region of 6-9 km_. Wind profiler obs«_ervatlons
troposphere in the month of monsoon. Due to excess hu-s_hOW a consistent decrease in the Cgvalues with al-
midity present in the atmosphere, we get highérvalues ~ ttude. At_62737 km we observe the values betweeD6.5
between 1 and 5km for both the cases and these values aff'd —16 m 3 with day to day variations of about0.5
then decreasing with altitude going down to the 1t or-  (© —1.0m ==, After 7km, these LogGj values decrease
ders of magnitude. The contours of L@§values of—15.5

from —16.5 to—17 n2/3, almost in all days of the month.
to —15m2/3 are observed in the both data sets, except fewfi€nce, we conclude that the one-to-one match for each day
patches of Log? values of—16 m~%/3 during 8-9 July (ra-

in this comparison is rather complex to delineate, but the
general features exhibit that ti& ranges from 10'3 to
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1018 m~2/3 of the order of magnitude and decrease with al- in other seasons no precipitation is observed on the site at the
titude, in the both cases. The results are comparable in the atime of wind profiler operation.
titude region 1-5 km, although we observe the differences of

about an order of magnitude beyond 5 km within each 2 km.V¥e observe bimodal peaks in i values, one near 2 km
In general, the estimation based on RS/RW data, the Gage focated close to the low level jet (LLJ) or top of the bound-

al. (1994) ar_ld Van Zandt etal. (.1978) S model, (l’fgvalues ary layer and another is found at 4-5 km which is at freezing
are rather higher below 1 km, since during the monsoon sea:-

son the humidity gradients are suspected to be much larger a(:f\vel' This LLJ might be responsible for'pumpmg rnmsturg
. up to 5km. Both peaks are due to a high humidity gradi-
the lowest region of the troposphere.

ent. The peak around 2 km is observed during all seasons.
During the monsoon season, hig]ﬁ values are seen up to
3.2 Seasonal variation &f? 5km, which then decrease sharply at higher altitudes. But in
other seasons, for example the 2004 winter and premonsoon
In estimating the turbulence parame@ér, only clear airdata period above 2 kmC,% values decrease sharply with height.
from 12:00 GMT iis utilized, and the days when precipitation In general, during the monsoon season, the obsef{fedl-
is observed on ground at the radar site, are excluded in allies are larger by as much as one order of magnitude than in
seasons. In Table 2, only monsoon days are given, becaussher seasons. A larger standard deviation is observed during

In Fig. 2, during the monsoon season of the year 2003,
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Table 2. Precipitation days, excluded in studying the turbulence 1 | ]
parameters. o4 Thw % —%~ Monsoon 04 |
] ML —e—PostMon 04 |
9 ‘\:‘y J Winter 05 .
SI.  Monsoon Months Date (s) o oL —v o PreMon05 4
No.  season ] N
] P ]
1. 2003  June 12,19, 21, 25 and 29 _ Y
July 24,25, 26 and 27 < 7] e el ]
August 3,4,6,7,8, 14 and 22 g 5+ N .
September 10, 11, 23, 24 and 26 2 4] —_— ]
2. 2004 June 2,3,6,9,13, 14,15 and 22 1 25 '\_,-
July NIL (11 days, clear air only) 4] \‘\/,.\ '\/ ]
August 4,5,and 11 24 '\'P"-\ -
September 1,19, 21, 22, 24 and 25 . e I ]
3. 2005 June 13, 25 and 26 E
July 19’ 25and 26 -18.0 -1I7.5 -1I7.0 -1(IS.5 -1(I3.0 -1;.5 »1I5.0 -1:1.5 -14.0

August 1,17 and 31
September 21

Average Logan(m%)

Fig. 6. Height profile of mean Log,% for different seasons, year
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the monsoon season at all levels up to the height of 10 km,

indicating larger humidity fluctuations during the monsoon by Reddy et al. (2001) (Fig. 3a, b) with 1380 MHz wind pro-
season. This in turn gives rise to larger gradients in the rafiler located at NARL, Gadanki (30 N, 79°12 E), India

dio refractive index and henc€?. These fluctuations are and by Cohn (1995) with the profiler located at, Millstone
seen in other seasons also as found in 2004 winter and preHill (42°36' N, 28830 E), Canada. The observed profiles of
monsoon data, but only up to 4-6 km. Above 6 km, fluctua- C? ande are in the range from 1G"° to 107135 m=2/3 and
tions decrease due to the drastic reduction in the amount 0f0~2 to 10-° m? s~3, respectively, for both the latitudes.
humidity in the atmosphere. Figures 3 and 4 show similar The observed/calculated mean profile@f as plotted in
seasonal variations and standard deviations during differenfEigs. 5—7, during the monsoon season for all three years,
years 2004-2006, which indicates that the mean picture durshow thatC? is in the range 106 to 10-155 m~2/2 over the

ing the various seasons of different years remains the saméeight interval 1-4 km. This is the region where the humid-
Since the return signal is determined by humidity gradients,ty and its gradient dominate in determining the values of the
C? is comparable at lower altitudes for all seasons. The meamgeneralized radio refractive index. It is also the region where
values ofC? ande in the lower troposphere region obtained the gradient of the potential temperature are almost constant
in the present study are comparable with the values reporte@ref. Eq. 3). Seasonal mean profile O“f (Fig. 5) shows

www.ann-geophys.net/26/3677/2008/ Ann. Geophys., 26, 333592-2008
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Fig. 8. Contour map for annual features of average Cﬁgﬂuring 2003-2006. The monthly mean is calculated on daily averaged values
03:00, 06:00, 09:00 and 12:00 GMT at all altitudes between 1 and 10.35 km.

higher values of the order of magnitude #8to 10-15%in  were recorded. Corresponding recorded rainfall lying in the
the altitude range 1-5km, although in other seasons of theange of 1 mm for the weak and 20 mm for the strong case.
year 2003-2004, the“,% values decrease with altitude and In 2004 five moderate (rainfall around 6 mm) and two weak
going down from 101 to 107175 in the height range 2— (1 mm), and in 2005 three weak (1.6 mm) and one very strong
10.35km. TheC,% values in the monsoon season of the year(rainfall in excess of 20 mm) occurrences were recorded. The
2003-2004 are at least one order higher than those in otheaverageC,f curves for the post-monsoon season do reflect
seasons, nearly at all altitude levels. In Fig. 6, the observedhese variations by the higher values@f observed in the
values ofo during monsoon season are close to ' in post-monsoon period in 2003 and 2004, compared to the val-
the height range 1-5 km and then decrease with altitude goues for 2005, particularly in the altitude region of 1-5 km.
ing down to 101675m=2/3 In comparison to the monsoon  In the winter and pre-monsoon seasons though the tem-
seasons of the year 2003 and 2005, the monsoon of 2004 waserature gradients remain constant, the humidity decreases
weaker therefore, particularly in the higher altitudes; we ob-significantly and theC2 values decrease in the height range
serve the difference of less than one order of magnitude witt6—10 km. During the monsoon months of June to Septem-
rest of the seasons. The relatively stronger monsoon of 200ber, the C2 values are at least one order of magnitude
led theC? values to be higher around 1#t0 107165m=2/3  |arger than those during the post-monsoon, winter and pre-
in the altltude range of 7 to 10km, in contrast to averagemonsoon/summer seasons. The |ncreas@2|mhat we ob-
value ofC2 around 1017 for the same altitude region during serve during the monsoon period can be ascribed to increased
the monsoon seasons of 2003 and 2004. humidity.

Figure 7 indicates that the seasonal mean profil€ ofs
nearly same as in the year 2003-2004. The pre-monsoo8.3 Annual variability ofC2
season of the year 2005-2006 displays larger values than
those in winter and post-monsoon, which is likely due to To study the annual variability CE,%, regular observations
the pre-monsoon thunderstorm activities over Pune. The preat 03:00, 06:00, 09:00 and 12:00 GMT of each month, under
monsoon curves in Figs. 5-7 do indicate higher avei@ge clear air conditions, are used. The precipitation days as given
values compared to the cases of winter and post-monsoon pén Table 2 have been removed. Daily means are further av-
riods of the respective years. These higher values appear teraged to get monthly means at each height. Monthly means
have been caused by thunder/thunder showers (8 occurrenctgy all three years are averaged to get the respective height
in 2004 and 6 each in 2005 and 2006 as reported by IDWR irprofile for January to December.
the corresponding periods). In fact, thunders/thunder show- Figure 8 shows that in the height range of 1.05 to 2km
ers do occur around the Pune Profiler site even in postthe mean Log? values for the months of January, February,
monsoon season also. For example, in post-monsoon periollarch, April, September, October, November and December
in 2003, three weak and one strong thunderstorm activitieare in the range 0f15.8 to—16.2 whereas in the months of
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Fig. 9. Height profile of mean Log,% showing inter-annual features for the months of January, February, March and April.

May, June, July and August the values are higher. Highestmonths)C? values are observed during June, July and Au-
C,% values of the order of 10° are seen in the month of July gust at all altitudes up to 10 km, indicating that the moisture
up to 3.5km and in the month of June and August slightly fluctuations are higher during the monsoon season and ex-
lower (10-152m~2/3), In the peak months of monsoon sea- tend up to higher altitudes. The contour map in Fig. 8 clearly
son (June, July and August) highervaluee?;%fare expected, indicates the higher values of 1 to 10-1° of the order of
whereas in the retreating stage of monsoon (Septendtfer) magnitude are observed during monsoon months and more
values are slightly lower of the order of 1#8m=2/3, In  than an order lower in rest of the months as compared with
the months of April, May, October and November the valuesmonsoon months, but consistent decrease with altitude over
are relatively lower in the range of 18 to 1001"m=2/3,  all months.

though there are some occurrences of thunderstorms in these

months, known as pre- and post-monsoon thunder activities3.4 Inter-annual variation af?

In December, January and February, the driest months of the

year, very low values of mean LG in the range of-17 Inter-annual features are also brought out using only clear air
to —18 are observed at heights above 4km. This is partlydata and excluding precipitation spectra for all months of a
because the atmosphere is normally stable with low temperyear. Figures 9, 10 and 11 show the mean pictu@dbr all

ature gradients and so, even if turbulence could be highermonths over three years of observations. The data is rather
the reflectivity is relatively lower. In general, we see that short for such a comparison and is only a probable indica-
the larger (at least an order higher as compared with othetive and needs to be confirmed after obtaining data over the
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Fig. 10. Height profile of mean Loq,% showing inter-annual features for the months of May, June, July and August.

number of years. The radar was operational since June 200® see that the gradients reverse in the height range from
and therefore, January—May during the period 2004—2006@&bout 4.5-10.35km and the larger gradients occur in mon-
and June—December during the period 2003—2005 are takesoon months than the other months during the three years of
to show the inter-annual variability. In the months January—observation. This is because the monsoon brings adequate
April (Fig. 9), March (Fig. 10), and October—-December amount of moisture in the tropical lower troposphere, but the
(Fig. 11), we notice a larger range 6f values, 1013 to  humidity drastically reduces after about 6 km.

107152°m=2/3 in the altitude 1.65-4km, however the ob-  Above 4.5 km, the observe@? values in monsoon months
served year-to-year variability at a particular altitude level is are in the range 10>2°to 10-1/2°m=2/3 whereas in other
very less, except few cases (4 January, 6 March, 5-6 Aprilmonths these are in the range 162° to 10178 m=2/3,

3 November, 3 December) where the variations are signif-At higher altitudes (4-10.35 km), the observed year-to-year
icant. But these variations from one year to the other in avariations during all months are not significant and show
particular month are always much less than an order of magthe similar pattern, except small year-to-year fluctuation in
nitude, almost at all the range bins and mean picture remainghe months of May 2006, July—August 2005 and November
the same. Moreover, steeper gradient§ fvalues are seen  2004. In the month of March 2006, meé values are rela-

in the height range 1.35-4 km in all months of a year, othertively lager than the other years because the abnormal rainfall
than monsoon months (June—September). In the monsoofas recorded in this month (10 mm). Similarly, the relatively
months during the three years, the observed valu€§aire  higher values of mead up to 6 km are observed in April

in the range 1048 to 107162m=2/3 in the altitude 1.35- 2005 and 2006, since there were abnormal rains (9.3 mm) in
4.35km and the gradients are also less (almost constant) aspril 2005 and rather cloudy skies with relatively high hu-
compared to the rest of the months. Now, it is interestingmidity up to higher altitudes in April 2006. In the month
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Fig. 11. Height profile of mean Loq,% showing inter-annual features for the months of September, October, November and December.

of May 2006, mearC? values are much higher relative to beams, so that the consistency in the data may be main-
2004 and 2005 because of the heavy pre-monsoon showetained up to 10.35 km. In the data presented here for the year
at observation site. Corresponding rainfall recorded in May2004—2005, estimates are reliable up to 6 km and there-
2004, 2005 and 2006 is 9.15mm, 10.66 mm and 18.7 mmafter random fluctuations are observed from 1 range gate
respectively. November 2004 recorded the abnormal rainto the other within 300 m of spatial resolution, right up to
fall of 2.8 mm. In the monsoon months (June—September);10.35 km. Figure 12 shows the energy dissipation rates with
the meanC? values show typical pattern of bimodal peaks, higher standard deviation in the height range 4-8 km than be-
one near 2 km and another about 4 km, and higher values dbw 4 km where the fluctuations are smaller. In the monsoon
C,f are observed up to 4-5 km, which continuously decreasemonths the fluctuations are gradually increasing with height,
up to 10km. Hence, as discussed above, the year-to-yeawvhereas in other seasons the fluctuations in the altitude 1—
variability in a particular month is always much lesser than 3.5km are lower than those observed above 3.5km. Since
an order of magnitude and beyond 6 km altitude, very smallthe signal strength is drastically reduced above 6 km, the ob-
fluctuations are observed in all months except few cases. served fluctuations at higher altitudes are therefore larger,
and the estimates efabove 6 km are not quite reliable. The
3.5 Seasonal variation of eddy dissipation rate ( observed values aof in all seasons (except slightly higher in
pre-monsoon and monsoon) as shown in Fig. 13 range from
We present only one year of data in calculating the energyl0—3to 10-37°m? s~2in the lower 3 km and decreasing with
dissipation rates. More years of the data still need to be exaltitude.
amined for the various quality control checks in all three
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Fig. 12. Energy dissipation rates with standard deviation, 2004—2005. Total number of available data points for calculating seasonal mean
and standard deviation efare, 82 (for monsoon 2004, the upper left panel), 66 (for post-monsoon 2004, upper right panel), 53 (for winter
2005, bottom left panel), and 87 (for pre-monsoon 2005, bottom right panel).

In pre-monsoons and monsoon seasons, large valugs of (1997). It is evident that, the estimatedvalues are in the
103 to 107> m2s3, are observed in the height range 1- range of 103-10%m2s3. The presented high resolution
6 km, whereas largest values, Fto 10 3°*m?s—3are con-  observations at 404 MHz are first of its kind from tropical
fined in the altitude range 1-3 km. Convective activities andindia, revealing the seasonal pattern during a year and will
low level jet aid in pumping more moisture in to the free be investigated in detail after archiving the data for number
atmosphere, and strong wind shear in the LLJ boundariesf years.
further enhances the turbulence in the atmosphere. Post-
monsoon and winter seasons are found to havelues of
1073 to 1057 in the altitude 16 km, thoughin the lower 4 conclusions
3km is closer to that in monsoon. Pre-monsoon and mon-
soon months show gradual decrease with altitudevialues, The refractive index structure parameté?ﬂ is one of the

aE comepsred W'tzthe post-monsoon and V\I/Imter months, anfl, ;e variables of atmospheric turbulence which can be deter-
above 6 km a random variation Is seen in all seasons as meRyinaq ysing the radar measurements of the received echo in-

tiongd aboye. Also, .the valqes ofn the lower troposphere,. tensity (viz. VanZandt et al., 1978; Hocking et al., 1989). The
particularly in the height region 1-6 km, are comparable With o 5 "echo arises due to refractive index irregularities, asso-

the values reported by Cohn (1995) and Hocking and Mugjateq with turbulence on a scale equal to half of the radar
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" ————tFF——1 Rao et al., 1997, 2001a, b; Ghosh et al., 2001). Therefore,
10 _— — «— Monsoon 04 ] this study contributes to the real time observations for under-
o \;\}/;/: —+—PostMon 04 standing the lower tropospheric dynamics in the tropics.

] = " B ﬂ‘:"“ﬁr 056 - Seasonal features of the energy dissipation rateate
8 \?g/ o ] also studied. Doppler spectral widths of the received radar
74

. back scattered signal are related to the turbulence velocity
] field. The observed spectral width arise due to contributions
from atmospheric turbulence as well as non turbulent effects
such as beam broadening and shear broadening (Fukao et al.,
1994; Nastrom, 1997). These contaminations are removed to
- obtain a correct estimate of The observed average values

of log ¢ are in the range-6.4 to—3.0 n¥ s~3, and it continu-
ously decreases with heights. Relatively higher dissipations
rates are observed during the pre-monsoon and monsoon sea-
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