Siddarth Shankar Das!, Nabarun Poddar?, Veenus Venugopal'?, S Abhilash?®, and V
Rakesh?

!Space Physics Laboratory, Vikram Sarabhai Space Centre

2Department of Physics, University of Kerala

3Advanced Centre for Atmospheric Radar Research, Cochin University of Science and
Technology

March 25, 2024



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Structures and backscattering characteristics of CUSAT 205 MHz Stratosphere-
Troposphere Radar at Cochin (10.04°N, 76.3°E) - First results
Nabarun Poddar??, Siddarth Shankar Das'”, Veenus Venugopal®?, S. Abhilash3, V.
Rakesh3
1Space Physics Laboratory, Vikram Sarabhai Space Centre, Thiruvananthapuram-
695022
2Department of Physics, University of Kerala, Thiruvananthapuram
3Advanced Centre for Atmospheric Radar Research, Cochin University of Science and
Technology, Cochin

e-mail: dassiddhu@yahoo.com & siddarth_das@vssc.gov.in

Abstract. This paper presents the first ever observations on aspect-sensitive
characteristics of 205 MHz Stratosphere-troposphere radar located at a tropical station
Cochin (10.04°N, 76.3°E) using volume scanning. The most significant and new
observation is that the signal-to-noise ratio in zenith and off-zenith beams are nearly
equal in some height region, indicating the presence of isotropic turbulence. Signal
strength decreases by 0.75 dB per degree from 0 to 10 degree off-zenith, 0.9 dB per
degree from 10 to 20 degree off-zenith and 0.3 dB per degree beyond 20 degree off-
zenith. Different causative mechanisms are discussed on the basis of various estimated
parameters associated with aspect sensitivity. Maximum aspect sensitivity is observed
between 12 and 17 km, indicating the presence of dynamic instability arising due to
strong wind shear and atmospheric stability. When both the square of wind shear and
stability parameters are above 0.25 x 10-3 s72, the scatterers become mostly isotropic.
The study also shows a power difference in the symmetric beams as well as azimuth angle
dependency. Analysis suggests that this asymmetry is due to the tilting of layers by the

action of atmospheric gravity waves generated through Kelvin-Helmholtz-instability. The
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present configuration of radar can provide a better understanding of three-dimensional
structures of turbulence and instabilities.

[Keywords: ST radar, aspect-sensitivity, Kelvin-Helmholtz-instability]

Plain language summary

Radar backscatter from the atmosphere depends directly on the turbulent scale sizes
present and the probing frequency. When the backscatter echo strength decays with the
radar viewing zenith angle, the signals are said to be aspect sensitive i.e., dependent on
the viewing angle. There can be few circumstances under which such characteristics are
observed, all primarily being anisotropic scattering processes which are caused due to
various processes in the atmosphere. Such aspect sensitivity must be quantified for
realising the accurate operation of a radar which would otherwise result in
underestimation of winds and other parameters obtained from the radar. Here the aspect
sensitivity characteristics of the 205 MHz stratosphere-troposphere (ST) radar installed
at Cochin (10.04°N, 76.33°E) are studied using a detailed experiment using various
probing techniques during Indian Summer Monsoon season and the characteristics of the

atmosphere during that period are probed to explain the aspect sensitivity.
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1. Introduction

A backscatter echo power and its characteristics are strongly controlled by the
nature of the scatterers present in the atmosphere. A very-high frequency (VHF) radar
echoes are known to be aspect sensitive in general owing to either thin stable layer
providing sharp refractive index gradient or shear driven steep layer structures. The
main mechanisms are isotropic and anisotropic turbulence and Fresnel
reflection/scattering (e.g., Hocking et al., 1986, 1990; Jain et al., 1997; Das et al., 2008).
Unlike isotropic scattering, anisotropic scattering mechanisms lead to a deterioration of
the signal with increasing off-zenith angle, thus rendering the echoes ‘aspect sensitive’
(Rottger and Liu, 1978; Jain et al,, 1997). Such aspect sensitivity effectively alters the
radar parameters such as beam pointing angle and hence the quantities derived from
them i.e., underestimation of the horizontal wind (Hocking et al.,1990; Damle et al., 1994;
Das et al., 2022). Thus, the study of the aspect of sensitivity of such VHF radars is of
utmost importance given their use as powerful tools in deciphering winds and turbulence
parameters from clear air and during disturbed conditions.

Earlier studies have shown that aspect sensitivity of backscatter echoes can be
linked to the presence of a thin stable layer which is effectively a single sharp gradient in
radio refractive index or to the presence of shear-generated steep layer structures
(Hocking et al., 1986, 1990; Tsuda et al., 1997a, Das et al.,2008, 2022). A strong thermal
gradient in the vicinity of tropical tropopause (16-18 km) acts like a perfect reflector
causing high aspect sensitive VHF radar echoes (Jain et al., 1997; Das et al.,, 2008, 2016,
2022). Quantitatively a rapid decrease of signal strength at an average of about 1.2 dB per
degree till 10° tilt and at 0.6 dB per degree beyond that (Tsuda et al.,1997a; Anandan et
al,,2008; Das et al.,, 2022) are attributed to Fresnel reflection/scattering and anisotropic

turbulence up to 10° (Gage and Balsley, 1980) and those beyond 10° are attributed to
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Bragg scale isotropic turbulent scattering (Rao et al., 1997) as observed for 49-53 MHz
VHF radars. While previous studies focused mostly only on the orthogonal north-south,
east-west variation of the echo strength (Damle et al., 1994; Jain et al., 1997; Qing et al,,
2018; Ghosh et al,, 2004; Das et al,, 2008, 2016) due to the limitation of experiments,
others have found an azimuthal dependence too (Tsuda et al.,, 1997b; Worthington et al.,
1999; Das et al,, 2022). The angular variation of the echo strength has been attributed to
either diffuse reflection from stable temperature sheet structure or the presence of
corrugated sheets or anisotropic turbulence (Das et al., 2014). Azimuth angle variation
has been attributed to the presence of tilting layers which are generated due to gravity
waves (Tsuda et al., 1997b; Rao et al.,, 2008) or mountain waves (Worthington 1999).
Studies in these tilting layers have found small-scale Kelvin-Helmholtz instability (KHI)
to be responsible for the redistribution of scatterers into a tilted layer (Worthington et
al., 1997; Ghosh et al., 2004; Das et al., 2008, 2016). Primarily KHI is found to be in cores
of large wind shears like above and below the jet stream or is created due to inertia
gravity waves (IGW). Studies have found that in the UTLS region, only a minimal amount
of shear is needed to generate aspect-sensitive echoes (Ghosh et al., 2004). It has also
been found that all zenith beam echo powers remain the same for well mixed i.e., isotropic
turbulent layers. Previous volume imaging experiment of VHF aspect sensitive scatterers
have shown tilted layers (Worthington, 2005). Thus, an understanding of the causative
mechanisms for aspect sensitivity has been found in the above-mentioned atmospheric
processes. But two salient points from the aforementioned studies are firstly that very
few of these have been done to understand the total spatial dependence of aspect
sensitivity i.e., both in the off-zenith and azimuthal directions mostly due to the limitation

of radar scanning patterns and most of the studies have been performed in the higher and
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mid-latitudes with only a handful of them being in the tropical low latitude belt, of which
most are limited to the 53 MHz radar at Gadanki (Das et al., 2022).

In this study, a state-of-the-art, indigenously developed, and the world’s first
stratosphere-troposphere (ST) radar operating at 205 MHz at Cochin University of
Science and Technology (CUSAT), Cochin (10.04°N, 76.33°E) (Samson et al., 2016;
Mohanakumar et al,, 2017) has been used. This radar has a 360-degree azimuthal beam
steering capability which can provide full three-dimensional atmospheric dynamics and
structure in both clear-air and in extreme weather conditions. There is no aspect
sensitivity study so far using a 205 MHz atmospheric radar at any other place in the
world. Here, the first results obtained from the experiments conducted during clear-air
and disturbed weather conditions by operating CUSAT ST-Radar in multi-beam mode
with azimuthal steering are presented. The experiments were designed by the optimum
selection of zenith and azimuth beams, which will have a full-volume imaging scan within
~18 min. It is envisaged that the present experiment and results will have an important
aspect in designing various experiments with CUSAT- ST radar, which is located at the
gate-way of the Indian Summer Monsoon (ISM) region to better understand the
dynamical processes taking place in the UTLS region in terms of radar scattering
mechanism. Section 2 provides the experiment details with data analysis, background
meteorological conditions in section 3, results and discussion in section 4 followed by
concluding remarks in section 5.

2. Experiment and Data Analysis
2.1. CUSAT ST Radar

The CUSAT ST radar is unique in the sense that it uses the 205 MHz VHF frequency.

It is a pulsed coherent Doppler radar with peak power aperture product of about 1.6 x

108 W m? and 619 element antenna active phased array arranged on a rooftop in a
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circular array of about 27 m diameter with an inter element spacing of 0.7 A. The radar
beam can tilt up to a maximum of 30° in the off-zenith direction and cover 0°-360° in the
azimuthal direction with a step interval of 1° (Samson et al., 2016; Mohanakumar et al.,
2017). Detailed radar specifications are listed in Table 1.

The experiments were performed on July 21 and 22, 2022, which is in the active
phase of the Indian Summer Monsoon (ISM) season. The Radar has been operated in four
modes: viz. mode-1, mode-2, mode-3, and mode-4. Here mode-1 is the 5-beam
configuration operation that is used to derive the wind components from the radar, and
mode-2 is the continuous vertical observation. Mode-3 is the multibeam mode operated
to study the orthogonal characteristics in the east-west and north-south directions with
61 beams up to 30° angle in steps of 2°. Mode-4 is the volume scan mode using 31 beams
in a scan cycle time of about 18 minutes, where the zenith and azimuthal variations are
studied. Details of beam configuration and scans are given in Table 2 and the
corresponding beam configuration in space for modes 1,2, 3, and 4 are shown in Figure
1. The radar data is recorded in terms of [ (in-phase) and Q (quadrature) values for each
beam position of the scan which is processed by algorithms to read these values from the
raw binary format file to produce the power spectrum and this has been utilized to derive
the moments that have been essentially used in this work to further derive the wind and
turbulence parameters using a multibeam technique to minimize errors.
2.2.Radiosonde

Regular GPS-based radiosonde (Chang Feng CF-06-A make) are launched at India
Meteorological Department (IMD) from Cochin and Thiruvananthapuram (8.48°N,
76.95°E) at 05:30 and 17:30 LT. But on the day of experiment, we have radiosonde
observation from Thiruvananthapuram only. These radiosondes have an accuracy of

better than 2 ms-! in wind velocity. The profiles obtained from radiosonde
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measurements are interpolated into 100 m resolution. The soundings were obtained
from the University of Wyoming sounding data archive
(http://weather.uwyo.edu/upperair/sounding.html).
2.3. Satellite observations

The Constellation Observing System for Meteorology, lonosphere, and Climate-2
(COSMIC-2) satellite constellation gives excellent profiles of the atmosphere temperature
and humidity by using the GPS Radio Occultation (RO) technique and has very good
temporal and spatial coverage over the tropical region (Veenus et al., 2022). The absolute
temperature difference between COSMIC-2 measured temperature with radiosonde
observation is about 0.5 K and a standard deviation difference of 1.5 K. Hence the closest
temporal and spatial occulted temperature profile obtained from COSMIC-2 has been
utilized in the present study. In addition, the outgoing long-wave radiation (OLR)
obtained from the imager aboard the geostationary Indian meteorological satellite
(INSAT)-3DR, gives an indicator of intensity of convection.
2.3. IMDAA reanalysis

The Indian Monsoon Data Assimilation and Analysis (IMDAA) reanalysis is a high-
resolution reanalysis data over the Indian Summer Monsoon (ISM) region developed by
the Ministry of Earth Sciences (MoES), Government of India with the collaboration of Met
Office, UK under the Indian Monsoon Mission project (Ashrit et al.,, 2020; Rani et al,,
2021). The data assimilation scheme in IMDAA reanalysis used is 4D-Var (four-
dimensional variational) of the upper-air atmospheric state and has assimilated both
satellite and in situ observations and it’s a unified model. The horizontal grid resolution
is ~12 km and it has 63 vertical levels up to 40 km. Details can be found elsewhere (Ashrit
et al.,, 2020; Rani et al,, 2021). We also used winds and mean sea level pressure from

IMDAA reanalysis.
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3. Meteorological background

The experiments were conducted during the active phase of tropical easterly jet
(TE]). Figure 2 (a) shows the intensity of wind speed and direction at 100 hPa at 13:30
LT on July 21 and 22, 2022. Wind speed and direction are obtained from IMDAA
reanalysis. It is clear from the figure that the core of TE] is located over the radar
observational site. There is a variation of the core size and shape from July 21 to 22, 2022.
As outgoing-long wave radiation (OLR) is considered as the proxy of convection, thus we
have plotted OLR obtained from INSAT-3DR on both the days as shown in Figure 2 (b).
OnJuly 21, 2022, a clear sky is observed over the radar site, however, intense clouds were
observed over the north Indian Ocean. In contradictory, we observed clouds on July 22,
2022 over the radar site as well as over the central India and North Bay of Bengal. As such
no low pressure systems were observed on both days (Figure 2 b).
4 Results and Discussion
4.1 Fan Sector and Volume scan

Figure 3a shows the fan sector variation of signal-to-noise ratio (SNR) in East-
West (EW) and North-South (NS) extending to a horizontal maximum of about 10 km on
either side of the zenith beam using mode-3 experiment at 13:30 LT on July 22, 2022.
Enhancement of the SNR across the horizontal direction at ~17 km in both the EW and
NS fan sectors is seen in the vicinity of tropopause (VOT). Aspect-sensitive characteristics
are clearly evident above ~12 km in both the SNR plots and it is observed that SNR
decreases with an increase in off-zenith angles. A similar variation of SNR has earlier been
reported in those height ranges for the 53 MHz Gadanki MST radar (Jain et al., 1997;
Ghosh et al.,, 2004; Das et al.,, 2008, 2016) during both clear and disturbed weather
conditions. Similarly, a fan sector study of the beam line-of-sight Doppler velocity gives

an idea about the dynamics as seen in Figure 3b where a stark difference is noted in the
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strength and characteristics of the Doppler values from EW and NS fan sectors. The strong
easterly Doppler was observed as a Tropical Easterly Jet (TE]) above 12 km which is a
feature related to the ISM. On the contrary, the NS Doppler has asymmetric features
although not as strong as the EW Doppler. Figure 3¢ shows the fan sector map of the
uncorrected half-power full spectral width which is quite similar in feature to the SNR.
Enhancements in spectral width corresponding to areas of enhanced SNR are observed,
which indicates the presence of turbulence. This spectral width can be contaminated with
non-turbulent factors like broadening due to the finite volume of the beam, shear
broadening, and transient effects, which will be discussed later. Similar features can also
be noted for July 21, 2022 as shown in supplementary Figure S1.

Figure 4 shows the SNR variation with zenith angles up to 30” in the EW and NS
planes for different heights during mode-3 experiment on July 22, 2022. It can be seen at
11.4 km that the SNR falls very gradually with increasing off-zenith angle remaining
almost same up to ~6° on either side of the zenith beam in both EW and NS directions
showing isotropy in that region. Similar feature can be noted for 12.4 km too but only in
the EW direction as NS plane shows regularly decreasing SNR feature with increasing off-
zenith angle. Such EW and NS plane asymmetry is noted at 14 km and 16.4 km too as
shown along with significant off-zenith enhancement of SNR which can be attributed to
tilted scatterer layer perpendicular to the beam direction (Muschinski and Wode, 1998).
For July 21, 2022 such variation of SNR is also observed with similar EW and NS
asymmetry as shown in Figure S2.

After averaging all fan scans for both EW and NS directions respectively heights
with least isotropy, off-zenith asymmetry and off-zenith enhancement are found out.
From such heights with progressively decaying signal, it is estimated that the signal

strength decreases by 0.75 dB per degree from 0 to 10 degree off-zenith, 0.9 dB per
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degree from 10 to 20 degree off-zenith and 0.3 dB per degree beyond 20 degree off-zenith

using the formula:

SNRg _—SNRg
Decay = GZTbb (1)

where 0, takes values 0°,10°, 20° and 6,, takes values 10°,20°, 30° respectively.

It is observed from Figure 5 that Doppler frequency spectra as a function of zenith
angle for both EW and NS plane scans are mostly narrow for both the panels especially
for lesser zenith angles, showing smaller spectral widths between 13:01:36-14:46:00 LT
on July 22, 2022. The slope of the mean spectra indicates and validates the presence of
background wind in both the orthogonal planes, a feature previously observed by Das et
al. (2008) for a different location. Notably, much higher range of Doppler values are seen
in EW panel owing to the strong Doppler associated with the TE] as shown earlier.
Weaker echoes for higher Doppler values at large zenith angles are consistent with the
fan sector plot for the same. Further Figure S3 shows almost exactly the same features
on July 21, 2022 during the time span.

Figure 6 shows the slice maps of the radar scan volume which provide the spatial
variation of SNR, Doppler, and spectral width at different height levels at 12 LT on July
22,2022. It is to be noted that above 14 km the SNR shows a general aspect sensitivity
with echo strengths decreasing towards the edge of the volume slices but with a very
evident asymmetry in the azimuthal direction for all three heights. Isotropic scattering is
observed at ~17.6 km, which is the tropopause level as observed from the temperature
profile. In the VOT level, the volume slice shows very regular high SNR spread around the
zenith region signifying a stratified layer. While much stronger asymmetry of signal is
noted at 14 km with strong off-zenith enhancement. This feature as explained earlier may

be attributed to the presence of tilting layers. Symmetric Doppler feature is observed in
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Figure 6b. The spectral width slice maps shown in Figure 6c represent the spatial
distribution of turbulence. Volume slices for July 21, 2022 are shown in Figure S4.
4.2 Aspect sensitivity mechanisms and characteristics

Aspect sensitivity as mentioned before can be understood by the relative strength
of the zenith beam echo with respect to the off-zenith echoes as shown in Figure 7. It can
clearly be seen that the deviation of SNR from the zenith value is more prevalent above
the heights of ~12 km for the angles shown for east, west, north, and south directions. In
all the directions, a decrease in the difference below zero in between 14-16 km heights
and an increasing trend above 16 km for higher off-zenith angles is observed. From such
distribution of SNR, it can be said that for layers below 10-12 km, the echo strengths are
more or less the same for most off-zenith angles due to isotropic turbulent scatter. While
a positive zenith-off-zenith SNR difference can be attributed to the presence of stratified
layer, a negative difference for the same as noted between ~14-15 km can possibly be
due to the tilting layers associated with gravity waves or KHI, which will be discussed.
Figure S5 shows similar features but for July 21, 2022.

Aspect sensitivity parameters can be characterized by the aspect angle (6s) which
is the measure of anisotropy and can be derived from the backscatter echo powers for
one zenith angle with respect to another (Hocking 1986; Hocking 1989) as shown in

equation (2):

in2 —cin2
O = sin™! s”;(?bz )sm Oor_ sin26, (2)
ln( ! /P(9b2)>

where 8, (=605 45/VIn2), the e~! half-width of the radar polar diagram, is 1.8° for a 65 45
(3-dB beam width) of 3” in the CUSAT ST radar. 6, is the zenith or beam pointing angle.

Aspect angle is calculated with respect to the zenith beam here thus, 8, = 0°. Another

parameter is the corresponding horizontal correlation length () (length-to-depth ratio)
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of the scatterers in the atmosphere which is obtained (Hocking et al 1990) by equation

(3):

_ 1521

=0 3)

Corresponding values of 6s and ¢ for different off-zenith beam angles with respect to the
zenith beam for all the four orthogonal directions viz., east, west, north, and south on July
22, 2022 as shown in Figure 8. To understand the significance of Fresnel scattering/
reflection the condition ¢ = 0.29D (D is diameter of the antenna) (Gage 1990) must hold.
In this case accounting for the geometry of the radar ¢ > 7.187 m and correspondingly
05 < 3.093° give the Fresnel scattering threshold. Figure 8 shows lower values of aspect
angle for lesser zenith angles and corresponding higher correlation length above 14 km
height for all four directions (E,W,N,S) with slight variations. This implies the presence of
anisotropic scattering mechanisms such as Fresnel scattering or anisotropic turbulence.
Values of 6s and { occurring below and above the thresholds marked respectively are seen
only in layers between 12-17 km, signifying Fresnel scattering/reflection. Some
differences in pattern in the EW and NS directions especially in the lower heights below
12 km show the azimuthal asymmetry of aspect sensitivity. Similar distribution of aspect
angle and correlation length on July 21, 2022 can be seen in Figure S6.

The anisotropy estimated above affects the actual beam pointing angle at different
heights, but from the measure of 8s the effective beam pointing angle can be calculated

as:

sin(Berr) = sin(6) (1 + Sinzgo) ' (4)

sin20,

This is the source of underestimation of winds using the radar. Figure 9 shows the
effective beam pointing angle for zenith angles up to 16° on July 22, 2022. Deviation from

the original beam pointing angle is clearly visible above 12 km with very large deviation
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at and above 14 km up to ~16 km height for all zenith beam in all the four orthogonal
directions. Interestingly, it is to be noted that for angles less than 6° the deviation from
the true pointing angle is more as compared to angles above 6° this leads to the
significant underestimation of wind when using such low zenith angles. Almost same
trend is also observed for July 21, 2022 as shown in Figure S7 but with significantly higher
deviations for lower angles up to 8 °. Thus, knowing the effective beam pointing angle
leads to a quantitative measure of the underestimation of wind components at different
heights.

4.3 Dependency of aspect sensitivity on wind shear and atmospheric stability

Both the atmospheric stability and vertical shear play a major role in the aspect
sensitivity of VHF radar (e.g., Ghosh et al., 2004; Das et al., 2022). Thus, we estimate the

atmospheric stability (N2) using equation (5):

v =3(5) ©)
where, N is the Brunt-Vaisala frequency, 0 the potential temperature, which is estimated
from the temperature profile obtained from COSMIC-2 GPS RO. Further, vertical shear of
horizontal wind (S2) is estimated using equation (6):

st=(3) + () (©
Where, u and v are the CUSAT ST radar derived velocity of zonal and meridional wind,
respectively. Figure 10 shows a variation of difference of SNR with respect to the zenith
beam with square of (a) wind shear (b) stability parameters for July 22, 2022. It is clearly
evident from both the top (EW) and bottom (NS) panels of Figure 10a that the probability
of having high aspect sensitivity is enhanced when S2is less than 0.25x10-3 s-2, shown as
a denser cluster of points. Beyond this threshold it can be said that the increased shear

causes turbulent mixing resulting in isotropy of the scatterers. Shear also does play an
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important role of resharpening of refractive index gradient as pointed out and explained
by Muschinski and Wode (1998). Similarly in Figure 10b for the case of N2 the same
characteristics can be seen where with a dense cluster of points inside the 0.25x10-3 s-2
threshold limit albeit not as strongly defined as the shear parameter. But it can be
concluded that beyond the stability threshold the scatterers become isotropic. The exact
same feature is also reproduced for July 21, 2022 as seen in Figure S8. Previous study by
Das et al. (2022) showed similar results for the Gadanki MST radar at 53 MHz.
4.3 Role of Kelvin-Helmholtz Instability and gravity waves in tilting layer

The preceding analyses throw light on the spatial aspect sensitivity characteristics
but to understand the temporal evolution of the backscatter echoes, the CUSAT ST radar
was operated in mode-2, i.e., continuous vertical observations made from 14:10 to 16:10
LT on July 22, 2022. Figure 11 shows the height-time-intensity (HTI) plots of (a) SNR, (b)
vertical velocity, and (c) half-power full spectral width. Enhanced SNR layer is seen in the
VOT similar to the fan sector plots in Figure 11a. Aspect sensitivity is very clearly
observed around and above 12 km. An enhanced SNR structure is seen at around 14 km
height with a descending trend with time from 15:30 LT onwards. The corresponding HTI

plot of vertical velocity in Figure 11b obtained from the line- of-sight Doppler (w =
— A/ o d) shows alternating upward and downward velocities at ~14 km after 15:30 LT.

This resembles a turning structure which can be attributed to KHI. Such a pronounced
alternating episode of updraft and downdraft is not seen anywhere else in the HTI plot
but a feature of note is the presence of strong updrafts above 14 km height for the given
time period owing to the convective conditions on the day most notably above the KHI
structure in the VOT. Strong descending downdraft structures are seen below 10 km after
the strong KHI signature. In Figure 11c uncorrected half power full spectral width shows

enhanced turbulence corresponding to high spectral width mostly below 12 km height
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temporally corresponding to the KHI and the descending downdraft structure.
Enhancement of spectral width can be seen just below the tropopause all through and
around 14 km height post 15:30 LT matching with the SNR feature in Figure 11a. The
observed features mentioned above are quantified by studying the stability, wind shear,
as shown in Figure 12 for July 22, 2022. COSMIC-2 temperature profile and wind speed
components obtained from the radar. It has been found that the cold point tropopause
(CPT) lies at about 17.6 km for this time of observation and a huge increase in the stability
and decrease in wind shear at that level is seen in Figures 12c and 12d. Comparing all the
heights it can be said from previous studies (Ghosh et al., 2004) that a sharp gradient
instability and reduction of wind shear indicates aspect sensitivity thus showing that
aspect sensitivity is dependent on the thermal structure of the atmosphere. Figure 12e
shows the corresponding Richardson Number (Ri=N2/S2) profile which gives a measure
of turbulence. Values less than 1 suggest turbulent layers and more than 1 suggest aspect-
sensitive regions. A sharp reduction in Richardson number to under the threshold value
at around 14 km explains the turbulent feature observed in Figure 11. While aspect
sensitive layers do not occur much up to 10 km as observed, these become more
prevalent above 12 km height except for the height range of around 16 km. This height
range corresponds to the TE] core as seen in Figure 12a and this feature also matches
with the wind profile derived from radiosonde observation for the day. The tropopause
being a stably stratified layer shows maximum stability, minimum shear, and an
extremely high value of Richardson number, indicating the presence of KHI. Similar
features are noted for July 21, 2022 as shown in Figure S9.

The asymmetry in SNR (Fig.7 and Fig. S5) can be due to this observed KHI,
however gravity waves can also contribute for titling layer. To get further insight, the

time-series of vertical velocity is subjected to Fast-Fourier transform (FFT) to obtain the
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gravity wave spectra. Figure 13 shows the (a) power spectra of vertical velocity at 14.8
and 15.7 km. The dominant period of gravity waves observed are 10-12 min and 16-18
min from the power spectra during 14:10-17:30 LT on July 22, 2022. Thus, the height
profiles for corresponding dominant periods are extracted and shown in Fig. 13 (b) and
(c). Left panels show the amplitude and right panel shows the phase. The maximum
amplitudes are observed at 14-16 km for 10-12 min waves, whereas it is at 16-18 km for
16-18 min waves. This indicates there are two sources for these polychromatic waves.
The typical property of any atmospheric wave is the propagation of its phase and energy
in space and time. The energy will propagate upwards and the phase will propagates
downwards, which is clearly observed in the phase profiles of both the waves. These
waves can in principle modulate the horizontal stratified layer to form tilting layer as
suggested in the earlier studies (e.g. Tsuda et al., 1997b; Muschinski and Wode, 1998; Rao
etal.,, 2008)
4.4 Corrections for non-turbulent factor of spectral width

The observed spectral width is actually a combination of both turbulent and non-
turbulent contributions as mentioned above. Thus, it is important to understand and
quantify the contribution due to non-turbulent factors such as beam-broadening, wind
shear, other transient effects and gravity waves. Although the effect of beam-broadening
and wind shear have been studied separately it has been seen that simply adding them
up from a 1D model case is not sufficient for actual 2D/3D cases (Nastrom, 1997). The
simple yet effective model developed by Nastrom (1997) under very ideal assumptions
such as constant wind speed and wind shear under 2D model actually deviate from the
real radar case. This has been addressed by the model proposed by Deghghan and
Hocking (2011) for a 3D case (D-H model) with some more modifications to fit real wind

profile which encapsulates the singular contribution due to the two factors and their
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combined effect as well. This has been successfully used in studies related to real radars
(e.g., Chen et al. 2022). Ignoring transient and gravity wave related broadening effects
due to their diminutive contributions with respect to the other factors, the observed
spectral width can be defined as:

0,2 = 0% + Ogp” (7)
Where 0,2 is the turbulent part and oy,? the contribution due to shear and beam

broadening is given by the D-H model as:

62 0 . ov 2sin2y (v \2 ,
as&bz=7v2c052)(—a0;sm)((vgf)+b0 — (E() + co(cos?y sin?y)|vé| +

dy(cos?y sin?y)&? (8)

v

VA
Where k = 4In2,{ = 2rf@siny,§ = "jT;, ay = 0.945, by = 1.500, ¢y, = 0.030, d, = 0.825

and 6 is the half power half width, v is the horizontal wind speed, y is the zenith angle, 3—;’

is the vertical shear of horizontal wind, r is the distance from the radar and Ar is the
range resolution which is 180 m in the present experiment.

Figure 14 shows the (a) wind speed, (b) vertical shear of horizontal winds, observed half-
power full spectral width for (c) zenith, and (d) 12 degree off-zenith (East, West, North
and South) along with theoretical estimation from D-H model, respectively. This is the
case where high wind speed (as high as > 45 ms-1) (Fig. 14 a) and strong wind shear (Fig.
14 b) are observed in the UTLS region. The observed turbulence (uncorrected) (Fig. 12 c,
d) needs to be corrected for beam broadening for vertical beam and both beam and shear
broadening for off-zenith beams. Thus, using D-H model, we estimated the profile for
these non-turbulent factors as shown in Fig. 14 (c) and (d) (black square). The model
spectral width profiles (non-turbulent factors) above 14 km is exceeding then observed
spectral width, thus the effective spectral width will be negative. Although such negative
values should not exist theoretically, practically their presence and implication of
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‘negative’ energy dissipation rates is addressed by previous studies (Deghghan and
Hocking, 2011; Chen et al. 2022). The main reasons for such negative spectral width after
correction by non-turbulent factors is due to high wind speed and strong shear
contributions. A separate study is planned in near future to address these issue.
4.6 Underestimation of horizontal winds due to aspect sensitivity

One of the consequences of high aspect sensitivity is the underestimation of
horizontal winds. The lower the effective beam pointing angle due to high aspect
sensitivity, higher will be the underestimation of the horizontal wind. This is quantified

by the factor R defined as equation (7) :

sin? 0q
sin%0g

R=1+

(7)
The percentage underestimation of horizontal wind given in Fig.15 shows that larger
underestimation is observed for layers with higher aspect sensitivity. It can also be seen
that the highest underestimation comes for lesser angles such as 6°, 8° with the
percentage going as high as 20% or more. While for angles 210° the underestimation falls
to less than 10% for July 22, 2022 and similar results are also seen for July 21, 2022 as
shown in Figure S10. Previous studies for 53 MHz radar at Gadanki have also shown
similar results (Jain et al., 1997; Das et al,, 2022). Thus, it is necessary to correct the
horizontal wind velocities by taking aspect sensitivity into consideration to get correct
information regarding the prevalent winds.
5. Concluding remarks

In the present study, aspects sensitivity characteristics for CUSAT ST-radar
operating at 205 MHz are assessed for the first time. An experiment was designed to
obtain the full volume imaging of the radar backscattering echoes to show the presence

of anisotropic and isotropic layers during the Indian summer monsoon. The present
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study revealed that the volume scanning of the radar can provide a better understanding
of the underlying plausible mechanisms for the occurrence of turbulence, and aspect
sensitivity characteristics. Different parameters associated with aspect sensitivity
characteristics are also estimated from the CUSAT ST-radar. Aspect sensitivity is found to
be present in layers mostly above 12 km height up to the tropopause level which was well
detected as a stable stratified layer from the analysis of SNR, spectral width, and
Richardson number. The important role that atmospheric stability and wind shear can
play in generating anisotropic scattering for aspect sensitive signals is highlighted in the
present analyses. The possible presence of tilting layers can be inferred from the strong
off zenith enhancement of SNR which can be attributed to possible Kelvin-Helmholtz
instability occurring in the height of about 14 km as well as polychromatic gravity waves
which can be confirmed from continuous zenith observations. High aspect sensitivity is
observed in the vicinity of tropopause and other stratified stable layers, resulting in the

underestimation of horizontal winds.
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The CUSAT ST radar data used for the present study can be downloaded from the website

https://spl.gov.in/SPL/images/CUSAT ST radar multibeam. This is a compressed folder

(.zip file), which contains all modes of radar data used in the study. Users are requested
to obtain permission from Director, ACARR-CUSAT and authors for using the CUSAT ST
radar data for any scientific studies. COSMIC-2, radiosonde, IMDAA reanalysis data are
publicly available datasets. COSMIC-2 data is available in the website

https://data.cosmic.ucar.edu/gnss-ro/cosmic2 /nrt/level2. Radiosonde data are

available  from the University of Wyoming sounding data archive
http://weather.uwyo.edu/upperair/sounding.html. IMDAA reanalysis data can be

downloaded from https://rds.ncmrwf.gov.in/ upon registration.
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Figure captions

Figure 1. Beam configurations for different modes of experiment. See Table 2 for details.
Figure 2. (a) Wind speed and direction (arrow) at 100 hPa, and (b) outgoing-long wave
radiation along with mean sea level pressure at 13:30 LT on July 21 (left) and 22 (right),
2022. CUSAT ST radar is marked in each panels.

Figure 3. Fan sector maps in the E-W and N-S directions for (a) Signal-to-Noise (SNR),
(b) Doppler velocity values, (c) uncorrected observed half-power full Spectral width at
13:30 LT on July 22, 2022.

Figure 4. SNR as a function of zenith angles up to 30° in East-West (left) and North-South
(right) directions for heights of 11.4 km, 12.4 km, 14 km and 16.4 km for July 22, 2022
Figure 5. Doppler spectra as a function of zenith angle for July 22, 2022 for East-West
(left) and North-South (right) planes.

Figure 6. Volume scan slices at 14 km, 16 km and 17.6 km for (a) SNR, (b) Doppler, (c)

uncorrected half-power full spectral width at 12 LT on July 22, 2022.
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Figure 7. Altitude profiles of SNR difference between zenith and a few off-zenith angles
for East, West, North, and South directions.

Figure 8. Aspect Angle Os (top) and Horizontal correlation length { (bottom) for off-
zenith angles up to 20° with respect to the zenith beam for East, West North, and South
directions. Black dotted lines in the top and bottom panels correspond to the threshold
values of 3.093" and 7.187 m for aspect angle and correlation length for the radar.
Figure 9. Effective beam pointing angle (08eff) for off-zenith angles.

Figure 10. Scatter plots of aspect sensitivity parameter (SNRzenith-oblique) against (a) wind
shear (b) stability for East-West (top) and North-South (bottom) for July 22, 2022.
Figure 11. Height-time intensity plots of (a) SNR, (b) vertical velocity (w) and (c)
uncorrected half-power full spectral width for continuous zenith observations starting at
14:10:23 LT on July 22, 2022.

Figure 12. Altitude profiles of (a) zonal and meridional winds derived from the radar, (b)
temperature obtained from COSMIC-2 satellite for (9.63°N, 76.12°E), (c) Stability, (d)
wind Shear and (e) Richardson Number at 13:16:07 LT on July 22, 2022.

Figure 13. (a) Power spectra of vertical velocity at 14.8 and 15.7 km, height profiles of
amplitude (left) and phase (right) for (b) 10-12 min, and (c) 16-18 min dominant periods
during 14:10-17:30 LT on July 22, 2022.

Figure 14. Height profiles of (a) horizontal wind speed (Un), (b) vertical shear (S) of Un,
(c) observed spectral width (c? )vertical beam (red) along with theoretical estimation for
beam-broadening (black squares), and (d) observed spectral width in East (solid blue),
West (dash blue), North (solid green), South (dash green) for 12 degree off-zenith along
with DH model by considering both beam and shear broadening on July 22, 2022.
Figure 15. Altitude profiles of percentage of underestimating factor of horizontal wind
(R) onJuly 22, 2022.
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Table captions

Table 1. Radar parameters of CUSAT ST Radar as used for the experiment.

Table 2. Beam configuration and sequence of scan azimuth and zenith scan angles for the
four modes. Values in parentheses denote azimuth and zenith angle with (0,10) signifying
North 10° tilt and the azimuthal angles follow the meteorological convention with

(90,10),(180,0) and (270,0) as East 10°, South 10° and West 10° respectively.
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Figure 1. Beam configurations for different modes of experiment. See Table 2 for details.
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Figure 2. (a) Wind speed and direction (arrow) at 100 hPa, and (b) outgoing-long wave
radiation along with mean sea level pressure at 13:30 LT on July 21 (left) and 22 (right),
2022. CUSAT ST radar is marked in each panels.
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Figure 3. Fan sector maps in the E-W and N-S directions for (a) Signal-to-Noise (SNR),
(b) Doppler velocity values, (c) uncorrected observed half-power full Spectral width at
13:30 LT on July 22, 2022.
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Figure 4. SNR as a function of zenith angles up to 30° in East-West (left) and North-
South (right) directions for heights of 11.4 km, 12.4 km, 14 km and 16.4 km for July 22,

2022.
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Figure 5. Doppler spectra as a function of zenith angle for July 22, 2022 for East-West
(left) and North-South (right) planes.
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Figure 6. Volume scan slices at 14 km, 16 km and 17.6 km for (a) SNR, (b) Doppler, (c)
uncorrected half-power full spectral width at 12 LT on July 22, 2022.
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Figure 7. Altitude profiles of SNR difference between zenith and a few off-zenith angles
for East, West, North, and South directions.
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Figure 8. Aspect Angle 0s (top) and Horizontal correlation length  (bottom) for off-
zenith angles up to 20° with respect to the zenith beam for East, West North, and South
directions. Black dotted lines in the top and bottom panels correspond to the threshold
values of 3.093" and 7.187 m for aspect angle and correlation length for the radar.
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Figure 9. Effective beam pointing angle (Beff) for off-zenith angles.
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Figure 10. Scatter plots of aspect sensitivity parameter (SNRzenith-oblique) against (a) wind
shear (b) stability for East-West (top) and North-South (bottom) for July 22, 2022.
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Figure 11. Height-time intensity plots of (a) SNR, (b) vertical velocity (w) and (c)

uncorrected half-power full spectral width for continuous zenith observations starting
at 14:10:23 LT on July 22, 2022.
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Figure 12. Altitude profiles of (a) zonal and meridional winds derived from the radar,
(b) temperature obtained from COSMIC-2 satellite for (9.63°N, 76.12°E), (c) Stability, (d)
wind Shear and (e) Richardson Number at 13:16:07 LT on July 22, 2022.
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Figure 13. (a) Power spectra of vertical velocity at 14.8 and 15.7 km, height profiles of
amplitude (left) and phase (right) for (b) 10-12 min, and (c) 16-18 min dominant periods
during 14:10-17:30 LT on July 22, 2022.

(a) Power spectrum 5 b) 10-12 min period L 3 (c) 16-18 min period .
. !‘\\ Amplitud)) Phase Ampli&ie (5;5)0 Phase
157 km Ji vl g, &
0.1 | ‘\ 18 8 %% 18 - %
f o® o
\ o0 20
- A A /\ / \ 16 TR 16 | g %
2 0.075 ’ /l [, TL N - = (% ] o
. 1 ’l | ’)\\“ A w‘”" / \\ | é’ \\ %O ) %
§ r H i "‘-.‘M'\ | v \ f’\’/‘ = S% 14 o ‘g
= V A \ / 20
= 0.05 ﬂ i Al ‘3 O 2 8
H | L f Jlf | . \ 4 m 8 8§ cho
-3 INKWARI | {4 N 12 R 12 N
Uiy W Vv 8 i
0.025 | Yl | V L / s 7 §
N \ 10 o o 10 P g
Y @% o 5
Pl ® %q?
0 ‘ ‘ 8 Ca 8 ol
5 10 15 20 § 9 & O e @“,,;.@,3@ S Q@ & O SOS™ S
Time period (min
p (min) W o mplitude (ms 1 W hase (degree) W mplitade (ms 1 W hase (degree)



Figure 14. Height profiles of (a) horizontal wind speed (Un), (b) vertical shear (S) of Uy,
(c) observed spectral width (o2 Jvertical beam (red) along with theoretical estimation
for beam-broadening (black squares), and (d) observed spectral width in East (solid
blue), West (dash blue), North (solid green), South (dash green) for 12 degree off-zenith
along with DH model by considering both beam and shear broadening on July 22, 2022.
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Figure 15. Altitude profiles of percentage of underestimating factor of horizontal wind
(R) onJuly 22, 2022
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Table 1. Radar parameters of CUSAT ST Radar as used for the experiment.

Parameter Value
Frequency 205MHz
Antenna 619 - 3 Element Yagi Uda Antenna

Mode of operation
Peak Transmitted power
Transmitted type

Beam width
Effective area
Peak Power
product

Duty cycle
Pulse width

aperture

Inter Pulse Period (IPP)

Pulse Code

Range Resolution
No. of FFT points

No. of
Integrations
No. of
integrations
No. of Beams
Data format

Coherent

Incoherent

Doppler Beam Swinging (DBS)

309 kW (TRM Peak power- 500 W)
BPSK Modulation

30

536 m?

~1.6 x108 Wm?

11.9%

19.2 ps

161.29 ps

Complementary/ Barker code
180 m

1024

128

1

31/61
ASCII




Table 2. Beam configuration and sequence of scan azimuth and zenith scan angles for the four modes.
Values in parentheses denote azimuth and zenith angle with (0,10) signifying North 10° tilt and the
azimuthal angles follow the meteorological convention with (90,10),(180,0) and (270,0) as East 10°,
South 10° and West 10° respectively.

Mode Mode 1 Mode 2 | Mode 3 Mode 4
Date 2land 22 | 22]July | 21and 22 ]July 2022 21 and 22 July 2022
July 2022 | 2022
Time (LT) Day 1- 14:10:2 | Day 1- 13:32:48- Day 1- 12:10:45-12:47:57
12:17:26- | 3- 14:46:00 Day 2- 11:39:32-12:16:44
12:20:26 17:10:2 | Day 2- 13:01:36-
Day 2- 3 14:14:48
12:48:38-
12:51:38
No. of Scans 2 6 2 2
Azimuth and (90,12),(0, | All (0,0) | (90,30),(90,28),..., (0,0),(0,6),(90,6),(180,6),
Zenith angles | 0), (90,4),(90,2), (270,6),(0,0),(0,12),(45,12),
(270,12), (0,0),(270,2),(270,4) (90,12),(135,12),(180,12),
(0,12),(18 ,-(270,28),(270,30), (225,12),(270,12),(315,12),
0,12) (0,30)(0,28),...,(0,4), (0,0),(0,18),(22,14),(45,18),
(0,2),(180,2),(180,4) (67,14),(90,18),(112,14),
,-(180,28),(180,30) (135,18),(157,14),(180,18),
(202,14),(225,18),(247,14),
(270,18),(292,18),(315,18),
(337,18)
No. of beams 5 50 61 31
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Figure S1. Same as Fig.3, but for July 21, 2022.
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Figure S2. Same as Fig. 4, but for July 21, 2022.
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Figure S3. Same as Fig. 5, but for July 21, 2022.
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Figure S4. Same as Fig. 6, but for July 21, 2022.
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Figure S5. Same as Fig. 7, but for July 21, 2022.
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Figure S6. Same as Fig. 8, but for July 21, 2022.
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Figure S7. Same as Fig. 9, but for July 21, 2022.
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Figure S8. Same as Fig. 10, but for July 21, 2022.
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Figure S9. Same as Fig. 12, but for July 21, 2022.
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Figure S10. Same as Fig. 15, but for July 21, 2022.
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