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ABSTRACT. A phased array Doppler Mini-Sodar has been installed at Anupuram near Kalpakkam nuclear site
during the Coastal Atmospheric Boundary Layer Experiments (CABLE) carried out on the east coast of India. Mini-
Sodar was used to measure the wind profile and investigate the coastal boundary layer development due to land-sea
breeze circulation for the study of coastal dispersion of pollutants. The atmospheric boundary layer, its variability during
SW (August 13, 14 : ARMEX | and September 3, 7, 11, 14) and pre-monsoon period (April 27, 28 : ARMEX II) 2003
has been studied. Large wind direction change and high vertical velocity variance were observed during the onset of sea
breeze. The Thermal Internal Boundary Layer (TIBL) height has been found to increase progressively with season:
summer - 170 m, SW monsoon - 210 m and NE monsoon - 325 m whereas the Nocturnal Boundary Layer (NBL)
height decrease progressively during the corresponding period: summer - 370 m, SW monsoon - 340 m and NE monsoon
-210m.

Key words — ARMEX, Mini-sodar, Sea breeze, Thermal internal boundary layer, Nocturnal boundary layer,
Turbulent kinetic energy, Tethersonde.

Somayaji, 1991, Thara Prabha et al. 1999, 2002). Mini-

The Atmospheric Boundary Layer (ABL) processes
are very important for understanding the large scale
atmospheric dynamics and for a large number of
meteorological applications. The coastal boundary layer is
heterogeneous due to variation in topography, land-sea
thermal contrast and changes in surface roughness. Land-
sea temperature gradient leading to the development of
Thermal Internal Boundary Layer (TIBL) is a common
feature in coastal sites (Garratt,1990). The air-sea
exchange process is very much influenced by the terrain
geometry in the coastal atmospheric boundary layer.

Acoustic remote sensing system - Sodar is now
widely being used to measure the coastal boundary layer
wind flow and turbulence pattern (Lenchow, 1986,

Sodar gives profiles of all three components (u, v, w) of
wind velocity from 15 - 460 m level with a vertical
resolution of 10 m. The merit of the sodar is its ability to
visualize the turbulence pattern of the atmospheric
boundary layer structure and its variability. A portable
Doppler phased array monostatic type Mini-Sodar has
been installed (Bagavathsingh et al., 2003) at Anupuram
(Fig. 1) 5 km inland from Kalpakkam (12° 30' N,
80° 10'E) coastal site, as a part of the field experimental
campaign to study the coastal atmospheric boundary layer.
The vertical profiles collected using Mini-Sodar is used to
study the coastal boundary layer during the ARMEX
experiment.

The Mini-Sodar data collected during SW (July-
September 2002 : ARMEX-I), and in pre-monsoon period
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Fig. 1. Experimental site at Anupuramm (not to scale)

of (April - May 2003 : ARMEX-II) are analyzed. The
measurements on wind components (horizontal and
vertical), wind direction, their standard deviation,
turbulence kinetic energy and its variability on different
days are presented. These parameters are mainly gathered
to characterize the wvertical diffusion and transport
processes for atmospheric dispersion and to understand
the coastal boundary layer development during different
phases of Indian monsoon.

2. Description of phased array type Mini-Sodar

The Scintec make phased array sodars are
monostatic type (Scintec, 2001), that generate different
beam angles during emission by phase delayed driving
and sensing respectively of the rows and columns of an
array of 64 acoustic transducers in a flat array
configuration. It has an active antenna, an audio power
driver for emission and audio preamplifier for reception
mode. For transmission/reception highly efficient
transducers are used. The time delay in transmission and
reception modes is produced digitally. The system sends
acoustic pulses in a cycle in 5/9 beam directions i.e., 5 in
VIN/E/S/W directions with a beam angle 19° and 4 in
mirrored directions in N/E/S/W with a beam angle 22°.
The system is configured such that each beam direction
consists of 10 pulses in a sequence. Pulses are always
between main and mirrored one. For the present study the
system was operated in single frequency (3823 Hz) mode
with data averaging time of 20 minutes.

In order to minimize/reduce stray noise emitted and
reduce instrument susceptibility to active and passive

Fig. 2. Mini-Sodar antenna and enclosure

noise (including fixed echoes), an acoustic enclosure
was mounted to the acoustic antenna. Fig. 2 shows
the phased array antenna with the enclosure. The
technical specifications of SFAS64 sodar are shown in
Table 1.

2.1. Mini-Sodar performance

To evaluate the performance and reliability of the
data, an objective comparison was made with near by
50 m tower- based in situ instruments. Comparison has
also been made against measurements obtained by
tethersonde flights and sonic anemometer. The sodar was
initially placed at a distance of ~25 m from tower. Fixed
echoes from the 50 m meteorological tower were noticed
and the sodar was moved to a suitable location 400 m
away. As the terrain is nearly even, the data from different
instruments could be compared. Figs. 3 (a&b) shows a
comparison of wind speed and direction measured by
sodar with different sensors. The wind direction shows
close agreement among various measurements. Wind
speed from Mini-Sodar at 30 m has been compared with
tower data at 10 m level. As expected from the surface
layer wind profile laws, Mini-Sodar data at 30 m height
has shown an increase of wind compared to that at 10 m
AGL on the tower. Sodar derived wind speed is higher
than that of the tower data by about 0.6-1.0 ms™. Wind
direction measured by sodar agrees well with the tower.
The sodar derived o,, is known to have systematic errors
due to volume averaging (Cresenti, 1997). Sodar over-
estimates o, by about 0.5-0.9 ms®. The difference
between o, values from Mini-Sodar and sonic
anemometer is shown in Fig. 3(c).
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Figs. 4(a&b). Wind flow profile measured by sodar during different seasons (a) Pre monsoon 2003 and (b) SW Monsoon 2002

3. Data analysis

3.1. Observed wind pattern

With the onset of SW monsoon the large scale flow
becomes south-westerly but near the coast within the
ABL there is meso-scale circulation of land — sea breeze
induced by the temperature contrast between land and
ocean. The sea breeze circulation is opposite to the
monsoon flow on the east coast. Internal (thermal)
boundary layer develops over the land due to step change
in surface roughness and temperature across the coast. The
wind vector plot of Sodar for the case of summer months

(27- 28 April, 2003) in Fig. 4(a) shows an early on set of
sea breeze around 1030-1230 hr (IST). Abrupt changes in
wind direction and turbulence are noticed during the onset
of sea breeze. The duration of sea breeze hours is more in
summer months than during monsoon seasons [Fig. 4(b)].
Sea breeze occurs with SE, S winds about 65 -75% of
time between noon to late evening hours (1200-2000 hr
IST) in summer months. The average wind speed during
sea breeze was of the order of 6-8 ms™ at a height of 150
m. The synoptic wind is weak during summer, which is
conducive for occurrence of mesoscale land-sea breeze
flows. The sea-land temperature difference is also
enhanced in summer season. The sea breeze sets in early
morning hours during summer and before the onset of sea
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Fig. 6. Profiles of mean wind speed vertical wind (w) component and o, night time in different seasons

breeze the sodar mean winds are observed to increase with
height. After the onset of sea breeze there is a sea breeze
inflow layer with a return current on top of it. Generally
the sea breeze inflow layer extends upto 300-500 m (this
is the max. range of Mini-Sodar measurements). There
exists a shear in wind due to these two different currents
(i.e., sea breeze upto 300 m =500 m and winds opposite
above it). As a result the strength of sea breeze decreases
with height (Fig. 5) the 300 m wind speed is less than that
at 100, 200 m height. This is not only observed during the
summer but also in all seasons with some difference. In
the SW monsoon season the onset of sea breeze occurs

late afternoon hours (1400-1630 hr IST) as shown in
Fig. 4(b). In this season a maximum onshore wind of
5-6 ms™ was observed during sea breeze below 200 m
whereas above, a strong synoptic SW wind was observed.

Fig. 5 shows day time (1000-1800 hr IST) mean
wind at 100, 200 and 300 m level. Data during night hour
are shown in Fig. 6. During the SW monsoon the wind
speed is high at 300 m level. Mini-Sodar performance
during certain days, when echoes are weak, is poor at
higher altitudes due to backscattered signal satisfying
SNR (Signal to Noise Ratio) criteria are very few.
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Fig. 7. Time series of wind speed and direction at 75 m AGL
measured by sodar on 14 August 2002

Averaging these small counts of data often leads to low
wind speed estimates. During SW monsoon, the wind
speed at 100-300 m level increases with height and is of
the order of 10-14 ms™ around 1100 hr (IST), before the
sea breeze onset. Fig. 7 shows the wind speed on 14
August 2002 during onset of sea breeze (1400 hr IST)
when a dip in the wind speed just before sea breeze onset
is observed clearly [Fig. 4(b)].

3.2. Turbulence pattern

The horizontal (o, o) and vertical (o) turbulence
intensity components are important for atmospheric
stability characterization. Profile of &, observed before
and after sea breeze onset is shown in Fig. 8(a) for a case
in pre-monsoon (27, 28 April 2003) and Fig. 8(b) for SW
monsoon (13, 14 August 2002) season. An increase in o
with height is observed at 30 m AGL in both cases. It is
constant in the 50-150 m layer above during summer but
the effect of sea breeze has shown an increase in
turbulence beyond 150 m AGL. Similarly constant o, is
observed between 50-100 m AGL before the onset of sea
breeze on 13 August 2002. Fig. 8(c) shows the vertical
wind component on 13-14 August 2002. The w-
component is negative showing downdraft on 13 August
whose vertical velocity was decreasing in the layer 25-75
m AGL and increasing above 75 m AGL after the onset.
Before onset the downdraft vertical velocity was
decreasing in the layer 50-250 m AGL. On 14 August the
vertical velocity shows updraft in the layer before and
after the onset of sea breeze. More case studies are
required to interpret this data as it involves complex
interactions of surface features with air circulation of
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Figs. 9(a&b). Time series of profile of o, and turbulent kinetic energy (TKE) during different seasons

different scales. Numerical simulation of a sea breeze
front may be necessary to model the complex interactions

of surface features with different scales of wind
circulation.
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Fig. 10. Time variation of TIBL height for different cases in pre-
monsoon 2003 and SW Monsoon 2002

Turbulence Kinetic Energy (TKE) is a measure of
the intensity of turbulence in the ABL. TKE at different
levels are estimated from the variance of the horizontal
and vertical velocity components of Mini-Sodar. The
diurnal variation of TKE at different heights is shown in
Figs. 9(a&b) in pre-monsoon (28 April 2003), SW
monsoon (13, 14 August 2002). The time variation of
TKE at different heights follows a wave like pattern which
indicates the effect of various scales (meso/large) in the
ABL. The TKE is found to increase during the sea breeze
onset and in transition hours. A minimum of TKE is
observed during other times. TKE estimated from Mini-
Sodar shows an increase with height upto 200 m in
summer and SW monsoon. A high value of 4 associated
with weak wind is noticed in the morning transition hours,
0500-0600 hr (IST) [Fig. 9(a) and Fig. 4(a)] in summer on
28 April. During the SW monsoon, the maximum TKE
occurred at 1100 (IST) on 13 August and at 1500 hr (IST)
on 14 August, again coinciding with a high value of oy

[Fig. 9(b)].

The maximum TKE during sea breeze and transition
periods varies in different seasons. During SW monsoon
the maximum TKE is about 8 and 12 m® s* during the
onset of sea breeze [Fig. 9(b)]. In summer, on 28 April,
the maximum TKE during sea breeze hours is ~ 6-8 m? s
and during transition time, 9.6 m*s at 190 m. During the
day the mean TKE is ~ 3 m? s during SW monsoon and
3-4 m? s during summer. This shows the combined effect
of local meso-scale circulations and large scale flow on
TKE during the monsoon and summer. However, this
diurnal variation of TKE in different seasons has to be

studied further with more intensive measurements using
fast response instruments such as sonic anemometer.

3.3. Mini-Sodar derived TIBL height

Air passing over different surfaces (viz., sea to land)
must adjust to the ambient boundary conditions at the new
surface. The air which is modified by the new surface
properties is said to be confined to an internal boundary
layer within the ABL. At land-sea interface, due to day
time heating strong gradient of temperature/heat flux
develops, leading to formation of a thermal internal
boundary layer by sea breeze inflow (Garratt, 1990).
Thermal Internal Boundary Layer (TIBL) develops during
day time as the cool air over the sea passes over the warm
land and produces changes in surface heat fluxes. The
height of TIBL can be estimated from the potential
temperature profile as well as profile of sensible heat
flux.

The temperature flux (sensible heat) has been
calculated from sodar data following the method proposed
by Weill et al. (1980). This method relies on the following
relationship between o, and the production terms of
turbulence, derived from similarity theory (Venkatesan et
al. 1995)

o’w= Az (g1 + 8¢))] (1)

where g, = U’ w'(0u/dz), &, =w' 0', (9/6,), 'A" and &
are universal constants and @&, is virtual potential
temperature. In a dry convective layer (¢, = &) when the
convective processes dominate (Fiacconi et al., 1997) we
can assume that the mechanical production of turbulence
is negligible and Egn. (1) can be further simplified to

3
Sw3_s529 e )
z 0
[5=1.4]

From this relation, it results that the value of the ratio
ow’ 1 z is directly proportional to the heat flux at the same
height z, and hence it is possible by means of a Doppler
sodar to reconstruct the vertical profile of the ratio and
then evaluate the flux. Eqgn. (2) is valid in the lower part of
the mixed layer especially for a shallow convective layer.

The variation of o, / z is similar to the change of
o, and depends on the buoyancy and mechanical
turbulence which occur intensively at the surface and
generally more in neutral and unstable layer than those
in stable layer.
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Fig. 11. Time variation of NBL height for different cases in pre-
monsoon 2003 and SW Monsoon 2002

The TIBL height determined from vertical velocity
variance profile varies in different seasons as shown in
Fig. 10. 140-170 m in pre-monsoon, 150-225 m in SW
monsoon. Seasonal variation in TIBL height can be
attributed to the variation in the land - sea temperature
difference, strength of the synoptic wind and its direction
during different seasons.

3.4. Nocturnal Boundary Layer (NBL) height

The Nocturnal Boundary Layer height for different
seasons has been determined using mean wind profile. To
determine the NBL height, various depth scales are
proposed by different authors: the height at which the
turbulence level drops to a small fraction of the surface
level (Stull, 1988, Singal, 1989, Kaimal and Finnigan
1994), the height of the peak of the velocity profile
(Kaimal and Finnigan, 1994) and so on. From the mean
wind profile during the night, the peak velocity (low level
wind maxima) has been taken as the NBL height (Murthy
et al., 1996) in this study. It is clearly seen in Fig. 11 that
the NBL height varies with time in different seasons. The
average height of NBL during SW monsoon (3 - 7 and
11 - 14 September 2002) reaches its peak value of 340 m
at 2400 hr (IST) and decreases to 125 m at 0500 hr (IST).
The NBL height during pre-monsoon (26 - 30 April 2003)
was around 375 m at 0200 (IST).

4. Conclusion
Analysis of Mini-Sodar measurements during SW

monsoon 2002 and pre monsoon season 2003 of the wind
and turbulence structure and the development of

ABL/TIBL and NBL on the east coast at Kalpakkam
reveals the following :

(i) Significant variations occur in the mixed layer
height, ABL winds, vertical velocity variance and TKE
during SW monsoon seasons.

(if) Sudden changes in wind direction at 200-300 m
AGL during the onset of sea breeze which was more
significant in SW monsoon.

(iii) Large standard deviations in vertical velocity
variance were observed during the onset of sea breeze
during different seasons.

(iv) The thermal internal boundary layer varies in height
during different seasons: 170 m in pre monsoon season
2003, and 210 m in SW monsoon 2002. The
corresponding NBL height was about 375 and 340 during
pre-monsoon and SW monsoon season respectively.
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