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Abstract. A brief experiment was conducted during 24–29
April and 9–10 May 2002, using the MST radar at Gadanki,
India, to test the dual-beamwidth method of estimating the
turbulence kinetic energy (TKE). Because the beamwidth
can be modified on only one polarization at a time at
Gadanki, an elliptical beam was used with a modified dual-
beamwidth analysis. Estimates of the TKE from the dual-
beamwidth method and the traditional method are very sim-
ilar in regions of light winds (<∼10 ms−1). In regions
of stronger wind (>∼15 ms−1) the traditional method of-
ten gives TKE<0 because the beam-broadening correction is
greater than the observed spectral width. It is suggested that
some of the problems with the traditional method are due to
the uncertainty in the effective width of the radar beam. In all
regions the modified dual-beamwidth method gives TKE>0
on the beam parallel to the prevailing wind; on this beam the
estimates depend only on the ratio of the beamwidths, which
is presumably well-known, and the observed spectral widths.
The values of TKE from the dual-beamwidth method are ap-
proximately constant with height at 0.2 m2s−2 from about 5
to 7.5 km during the afternoon during both April and May
(all April observations were made between 9:00 and 17:00
local time), and then decrease rapidly to about 0.02 m2s−2

by about 9 km. The data from May extend over one full diur-
nal period and the diurnal range of TKE during this period is
found to be about 5 dB below about 12 km and from about 15
to 19 km, near the tropopause, with maximum values during
local afternoon.
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1 Introduction

The traditional method of estimating atmospheric turbulence
kinetic energy (TKE) from spectral widths requires the appli-
cation of correction factors to the measured spectral widths
due to the interaction of the radar beam with the background
wind (e.g. Atlas, 1964; Hocking, 1985; Nastrom, 1997).
While these correction factors are well known in principle,
estimates of them are sometimes larger than the observed
spectral widths (Hocking, 1986; Fukao et al., 1994; Ku-
rusaki et al., 1996; Nastrom and Eaton, 1997; Narayana
Rao et al., 2001; Nastrom and Tsuda, 2001; Satheesan and
Krishna Murthy, 2002), especially during relatively strong
winds, which implies relatively large uncertainty in them or
in the observed spectral widths, since the true corrections
cannot be larger than the observed spectral widths.

The dual-beamwidth method for measuring TKE using
spectral widths from Doppler radar was recently introduced
by VanZandt et al. (2002). The dual-beamwidth method em-
ploys the spectral widths measured simultaneously with two
different beamwidths and the ratio of the magnitudes of the
beamwidths is used under the assumption that the TKE is
the same in the sample volumes viewed by both beamwidths.
With the dual beamwidth method it is not necessary to have
independent estimates of the correction factors to be used or
to know the actual magnitudes of the beamwidths used. The
uncertainty of the TKE estimates from the dual-beamwidth
method is governed only by the uncertainty of the observed
spectral widths, suggesting that this method may provide a
standard against which to compare estimates made by other
methods.

Of course, the dual-beamwidth method can be used only at
a small number of radar sites that have dual-beamwidth ca-
pability. For example, VanZandt et al. (2002) used observa-
tions taken in special experiments at the highly versatile MU
radar in Japan, and Latteck et al. (2003) give results from a
special experiment in Norway. A brief experiment designed
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Fig. 1. (Upper) Zonal and meridional wind speeds for each day, April 2002. The plotted curves are the means of the daily medians for the
two opposing beams in each plane and for 10◦ and 15◦ zenith angle; the symbols show the maximum and minimum values used for each
mean. (Lower) Daily means of the observed spectral widths at 10◦ and 15◦ zenith angle.

to exercise the dual-beamwidth method was conducted us-
ing the MST radar at Gadanki, India, during 24–29 April
2002 and 9–10 May 2002, and the results obtained are de-
scribed in this paper. Atmospheric conditions over Gadanki,
India, are highly repeatable from day-to-day during the pre-
monsoon season. Therefore, even the relatively small data
sample from this brief pilot study should describe the salient
features of the vertical and diurnal variations of TKE for the
pre-monsoon conditions.

The estimates of TKE from the traditional method and
from a modified dual-beamwidth method are compared in
this study. Because the beamwidth of the Gadanki radar
could be modified in only one polarization at a time, the dual-
beamwidth estimates will be best when the beam is parallel
to the prevailing wind, as explained below. Fortunately, dur-
ing the period used here all of the strong prevailing winds
were nearly parallel to the zonal beam.

2 Data

The Gadanki radar is described in detail by others (e.g. Rao
et al., 1995; Jain et al., 2000). Briefly, it is an MST radar
near Tirupati (13.47◦ N, 79.18◦ E) operating at 53 MHz with

average power aperture product of 7×108 Wm2. The antenna
array consists of 1024 crossed 3-element Yagi antennas cov-
ering 130×130 m. Peak transmitted power is 2.5 MW ob-
tained from 32 transmitters, each feeding a sub-array of 32
Yagis. The one-way half-power full beamwidth of the full
antenna is about 2.9◦.

During this experiment two beamwidths were interleaved.
The narrow beamwidth (2.9◦) was obtained using the full
antenna. By disconnecting 16 subarrays from one polariza-
tion of the antenna a rectangular antenna was formed, with
2.9◦ beamwidth in one polarization and a second beamwidth,
about 5.8◦, in the other polarization. The ratio of the broad
and narrow beams is about 2. In practice, the outer 8 sub-
arrays on each side of the antenna were disconnected to
form the broad beam. Because the broad beam could be
formed only in one polarization at a time, the resulting beam
was elliptical (5.8◦ by 2.9◦) and our application of the dual-
beamwidth method, described below, will account for this
ellipticity.

Our observational strategy included a total of 10 beam
positions each hour for each beamwidth: vertical and to-
ward the 4 cardinal directions for 10◦ and 15◦ zenith an-
gles. Range-resolution was 150 m from 3.6 to 24.9 km. The
radar settings used were: interpulse period, 1000µs; number
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of incoherent integrations, 128; number of coherent integra-
tions, 1; number of Doppler spectral points, 128; resolution
per spectral point, 0.173 ms−1; dwell-time per profile, 19 s.
About 7 profiles were taken per hour per beam per zenith an-
gle per beamwidth. A standard Gaussian fitting method was
used to find the Doppler velocity, spectral width, and signal
power from each Doppler spectrum. As discussed by Fukao
et al. (1994), the uncertainties of the Doppler velocity and
spectral width are proportional to the spectral width. Data
from the vertical beam are subject to contamination by spec-
ular echoes and thus are not used in this study.

Observations were made usually from 11:00–17:00 local
time on 24, 25, 26, 27, and 29 April 2002. Another set of
observations were taken over a diurnal cycle from 15:00, 9
May–15:00, 10 May 2002. All observations were subjected
to a rigorous quality control including visual inspection of
the profiles of velocity, signal-to-noise ratio, and spectral
width. Finally, hourly medians were formed and are used
for the analyses below.

Local weather conditions during late April and early May
2002 were very hot, with daily maximum temperatures near
40◦C every day (the Sun is directly overhead at noon at this
latitude in late April). Surface winds were generally light and
variable. Scattered cumulus and towering cumulus formed in
the afternoon, although no significant precipitation occurred
at the radar site.

3 Method of analysis

The observed spectral width (σ 2
obs) represents the sum of the

TKE per unit mass (σ 2
t ) and the effects of beam-, shear-, and

wave-broadening

σ 2
obs = σ 2

t + σ 2
beam+shear + σ 2

wave. (1)

Nastrom and Eaton (1997) found that in the troposphere
σ 2

wave is negligible for radars with short-dwell observa-
tions, such as those used here. Following Nastrom (1997),
σ 2

beam+shear can be approximated as

σ 2
beam+shear =

θ2

4 ln 2

[(
U2 cos2 α + V 2

)
−2UuzR cosα sin2 α + (uzR)2 sin4 α

]
, (2)

whereU andV are the horizontal wind components paral-
lel and perpendicular to the beam,θ is the one-way half-
power half-width of the beam,α is the beam zenith angle,
uz=dU/dz, andR is the range to the center of the sample vol-
ume. Terms of orderθ4 and (1R/R)2 are neglected, where
1R is the range resolution, a trigonometric identity has been
used to obtain sin4α, and the vertical component of wind is
ignored. In the “traditional method” estimates ofσ 2

t are ob-
tained from Eq. (1) after using the radar observations of wind
to compute the right side of Eq. (2), i.e.

σ 2
t = σ 2

obs − σ 2
beam+shear . (3)

Van Zandt et al. (2002) show that observations of the
same sample volume with two conical beams of different
beamwidth (θa andθb) can be used to solve a pair of simulta-
neous equations to obtainσ 2

t as a function ofσ 2
obs−a , σ 2

obs−b,
and the ratioθ2

a /θ2
b , with no need to evaluate Eq. (2) directly.

The beam of the Gadanki radar is conical when the full an-
tenna is used. When only half of the antenna is used for one
polarization the beam is elliptical, being 5.8◦ in the zenith
direction and 2.9◦ azimuthally. Accordingly, our analysis is
modified from that of VanZandt et al. (2002). Equation (2)
must be written separately for the two beamwidths as fol-
lows (subscriptH applies for the half-antenna andF for the
full-antenna):

σ 2
obs−H =

σ 2
t +

[
θ2
H

(
U2 cos2 α + shear

)
+ θ2

F V 2
]/

4 ln 2, (4)

σ 2
obs−F =

σ 2
t +

[
θ2
F

(
U2 cos2 α + shear

)
+ θ2

F V 2
]/

4 ln 2, (5)

where “shear”=−2UuzR cosα sin2 α + (uzR)2 sin4 α.
Subracting Eq. (5) from Eq. (4) gives

U2 cos2 α + shear = 4 ln 2

[
σ 2

obs−H − σ 2
obs−F(

θ2
H

/
θ2
F

)
− 1

]
. (6)

Using Eq. (6) in Eq. (4) gives

σ 2
t =

(
θ2
H

/
θ2
F

)
σ 2

obs−F − σ 2
obs−H(

θ2
H

/
θ2
F

)
− 1

−
θ2
F V 2

4 ln 2
. (7)

The first term on the right of Eq. (7) depends only on the
observed spectral widths and the ratio of beamwidths. The
second term on the right of Eq. (7) requires that we knowθF ,
as well asV . In principle, the width of the transmitted beam
is known and that value ofθF should be used whenever the
sample volume is uniformly filled with turbulence. When the
sample volume is not filled, such as when one or more thin
horizontal layers of intense turbulence are present, then the
appropriate value forθF depends on the amount of beamfill-
ing, and perhaps other things, and becomes uncertain (e.g. if
only a single intense layer is present in the sample volume,
then the effective beamwidth is less thanθF and its value de-
pends on the location of the intense layer within the sample
volume). The uncertainty of the value ofθF may explain why
several of the past studies mentioned earlier have obtained
results withσ 2

t <0 using the “traditional method”. The dual-
beamwidth method, however, is not subject to this problem
whenV is negligible (i.e. in the beam parallel to the prevail-
ing wind), as long as the ratioθ2

H

/
θ2
F is constant. A major

goal of this study will be to compare estimates ofσ 2
t from

Eq. (7) with those from the “traditional method” Eq. (3).

4 Vertical profiles

The upper panels of Fig. 1 show the daily median winds ob-
served at Gadanki during 24–29 April 2002. The plotted
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Fig. 2. Median (upper) winds and (lower) observed spectral widths over all observations taken at 10◦ zenith angle during (left) April and
(right) May. Bars extending±2σ/

√
No are entered at representative heights along the E and N curves. Dashed vertical lines in the lower

panels show the minimum spectral resolution for Doppler half-width.

Fig. 3. Median (upper)σ2
t -2BW and (lower)σ2

t -Trad over all observations taken at 10◦ zenith angle during (left) April and (right) May.
Bars extending±2σ/

√
No are entered at representative heights along the E and N curves.
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Fig. 4. Ratio of the medianσ2
t -Trad to the medianσ2

t -2BW during (left) April and (right) May for observations taken at (upper) 10◦ and
(lower) 15◦ zenith angles.

curves are the mean of four results for each day: the east and
west (north and south) beams and at 10 and 15◦ zenith an-
gles. The symbols show the maximum and minimum value
among the four results; in general there is very little varia-
tion between the maximum and minimum for each day; i.e.
the differences between winds on opposed beams and at 10◦

and 15◦ zenith angles appear to be insignificant, except near
about 18 km on some days. The flow is characterized as
northeasterly (i.e. southwestward) below about 7 km, south-
westerly from about 10–15 km after 24 April and easterly
above about 17 km. While the declining signal-to-noise ratio
with height leads to greater variability above about 17 km,
there appears to be useful wind data at all heights in most
cases.

The lower panels of Fig. 1 are similar to the upper pan-
els, except they show the daily meanσ 2

obs . In general, there
is no clear pattern of differences among the individual days,
except near 12 km, where both wind components are very
light on 24 April and the associatedσ 2

obs is relatively small.
Apparently, the larger wind speeds lead to largerσ 2

obs due to
beam broadening and, perhaps, stronger turbulence. Ghosh
et al. (2003) also found that for relatively light wind speeds
there is not a strong effect of wind speed onσ 2

obs at Gadanki.
Because there is relatively little change from day to day, we
will combine all days in April together in the analyses to fol-
low.

Figure 2 shows the profiles of median wind speed dur-
ing the entire period in April (upper left) and in May (upper

right) from the 10◦ zenith angle observations (results at 15◦

are nearly identical and are not shown). Both periods show
northeasterly winds below about 7 km. Above about 10 km
the meridional winds in May are very light while the zonal
winds continue to increase with height to a maximum speed
near 25 ms−1 at 17 km. Above about 20 km winds during
the two periods are again very similar. Error bars to show
the 95% confidence limits extend± one standard error of the
mean (2σ/

√
No, whereσ is the standard deviation of the No

hourly medians used) from the curves for the E and N beams.
The lower panels of Fig. 2 showσ 2

obs during April (lower
left) and May (lower right). Except at about 5–7 km and
perhaps 17–19 km, where the meridional beams’ values are
greater than the zonal beams’, there is no significant differ-
ence amongσ 2

obs for the four beams during April. During
May the meridional beams’σ 2

obs values slightly exceed the
zonal beams’ from about 11–17 km. The dashed vertical
lines show the Doppler resolution for spectral width as used
here; in April (May) the values near 14 km and above about
19 km (22 km) are near the resolution limit.

The upper panels of Fig. 3 showσ 2
t estimated using

Eq. (7), called σ 2
t -2BW. The lower panels showσ 2

t esti-
mated using Eq. (3), called σ 2

t -Trad. Below about 7 km
(8 km) during April (May) results from both methods are rel-
atively large, ranging between about 0.1 and 0.3 m2s−2, cor-
responding to the altitudes of active convection. Values for
the west beam are consistently smaller than those from the
other beams in April below 6 km; from 6 to 7.5 km values
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 Fig. 5. Hourly medians during 9–10 May ofσ2
t -2BW over layers in

the troposphere and lower stratosphere in the zonal (Z) and merid-
ional (M) planes. Results for the meridional plane at 12–19 km are
negative due to strong zonal winds and are not shown. Bars extend-
ing ±2σ/

√
No are entered at representative hours along the Z4–7.5

and Z8.5–12 (Z15.5–19) curves in the upper (lower) panel.

for both beams in the zonal plane are smaller than those
in the meridional plane. During May there is no apparent
anisotropy at the lower altitudes. Above 7 or 8 km all values
become less than 0.02 m2s−2 at all altitudes except in the re-
gions of strong winds (discussed below); theσ 2

t -Trad values
are slightly smaller than those forσ 2

t -2BW.

Note that negative values, where the corrections are larger
than σ 2

obs , are included in Fig. 3. The May results near
17 km illustrate the differing effects of the correction terms
in Eqs. (3) and (7); i.e. for σ 2

t -Trad the beam-broadening
corrections due to the large zonal wind speeds cause val-
ues for all four beams to be negative while forσ 2

t -2BW only
the meridional beams’ values are negative. A similar, but
smaller, effect is seen near 18 km during April.σ 2

t -2BW
may be expected to be more reliable as it is not influenced by
thin-layer effects or other beam-filling problems. The curves
in Fig. 3 are very similar where the winds are less than about
10 m/s, i.e. except from about 16–19 km during April and
12–19 km during May.

The data above about 20 km appear nearly constant with
height. This may reflect the lower bound ofσ 2

t detectable
with the Gadanki radar.

Figure 4 compares theσ 2
t -Trad andσ 2

t -2BW results for the
10◦ (15◦) zenith angle in the upper (lower) panels. During
May the ratios are near unity below about 8 km, correspond-
ing to the altitudes whereσ 2

t appears to be enhanced due to
convection (Fig. 3). However, during April the region where
the ratios are near unity extends much higher, to over 11 km.
Above about 20 km the ratios are again near unity (within
1 or 2 dB), although this may be explained by the spectral
widths falling to their minimum detectable signal as noted
earlier. There is very little difference between the results at
10◦ and 15◦ zenith angle.

5 Diurnal changes

Figure 5 shows the hourly march ofσ 2
t -2BW during 9–10

May for the median values over five vertical layers (4–7.5,
8.5–12, 12–15.5, 15.5–19, and 19–24 km) for beams in the
zonal and meridional planes at 10◦ (15◦) in the upper (lower)
panel. Results for the meridional beam at 12–19 km are not
shown as they are generally negative due to the strong zonal
winds in this region. The curves were smoothed with a 1/4-
1/2-1/4 filter.

Diurnal changes with ranges of about 5 dB are seen in the
layers below 12 km and at 15.5–19 km. The results show
very little variation among zenith angles. At 4–7.5 km the
maximum (minimum) values occur near local noon (mid-
night), suggesting the enhanced TKE is related to a daytime
process such as convection. At 8.5–12 km and at 15.5–19 km
the curves show maxima (minima) in late afternoon (early
morning). The latter maxima may be caused by the deeper
convection that appears only in the afternoon. Curves at other
heights have indistinct diurnal cycles.

Narayana Rao et al. (2001) present a climatology of eddy
dissipation rates (ε) at Gadanki based onσ 2

t -Trad from
the radar observations combined with semi-daily radiosonde
profiles of the Brunt-V̈ais̈alä frequency (N). The diurnal
changes inε that they give must be largely due to changes
in σ 2

t -Trad, since diurnal changes in N are relatively small
above the planetary boundary layer. During the season
March–May they find the diurnal range ofε (and thus of
σ 2

t -Trad) is about 5 dB in the upper troposphere and lower
stratosphere, similar to Fig. 5. However, the time of daily
maximum they give is at night, from 22–04 LT, in contrast to
the daytime maxima in Fig. 5. We find this difference in time
of maximum perplexing and suggest it should be investigated
more closely when a larger data set becomes available.

6 Summary and conclusions

A brief experiment was conducted with the MST radar at
Gadanki, India, to test the dual-beamwidth method for es-
timating TKE. Because the antenna size could be changed
for only one polarization at a time the resulting beam was
elliptical rather than conical. Theoretical analysis showed
that in the dual-beamwidth method for an elliptical beam
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there is a term that depends on the windspeed perpendicu-
lar to the beam (the final term in Eq. 7). During the April
period the winds were relatively light at all altitudes, and
there was relatively good agreement between results from the
dual-beamwidth method and the traditional method. How-
ever, during the May period, from about 14 to 18 km, the
zonal winds were relatively strong and the meridional winds
were nearly calm. Our estimates of TKE during May by
the dual-beamwidth method for the zonal beam are positive
while those from the meridional beam and from the tradi-
tional method are negative, giving a good illustration of the
ability of this method to extract TKE during strong winds (at
least in the beam parallel to the wind) when the traditional
method fails.

The following specific points have been noted:

1. Winds and turbulence from 10◦ and 15◦ zenith angles
are the same.

2. Winds and turbulence from opposing beams in the same
plane are the same.

3. During light wind conditions,σ 2
t from the modified

dual-beamwidth method and the traditional method are
the same. During strong wind conditions (over about
15 ms−1) the modified dual-beamwidth method contin-
ues to give realistic estimates in the beam parallel to the
wind while for the other plane, and for both planes with
the traditional method, the corrections are larger than
the observed spectral width.

4. Values ofσ 2
t are about 10−1 m2s−2 in the troposphere

(3.6–7.5 km), and about 10−2 above about 9 km. Values
above 12 km are slightly larger during the May period
when winds were stronger.

5. The diurnal range ofσ 2
t is about 5 dB below about

12 km. Maximum values occur near local noon at 4.5–
7 km and several hours later at 8.5–12 km. The diurnal
cycle at 15.5–19 km is very similar to that at 8.5–12 km.
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