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Abstract. Simultaneous observations made on four daysparameters, which represent various atmospheric parame-
using the MST radar and GPS-sonde at Gadanki (18,5 ters.The scattering mechanisms responsible for giving rise to
79.2 E), a tropical station in India, are presented to address/HF radar echoes are isotropic/anisotropic turbulent fluctua-
the aspect sensitivity of radar backscatters observed at diffettions in refractive index and Fresnel reflection/scattering due
ent heights. The observations show that wherever stabilityo sharp gradients in the refractive index. In a direction close
parameter Ris high, vertical shear of horizontal wind is low to vertical incidence, radar echoes are enhanced because of
and Richardson number (Ris high, the aspect sensitivity a single or multiple strafied horizontal layers with sharp gra-
is high indicating that the aspect sensitive radar backscatterdient in radio refractive index (Fresnel reflection/scattering)
are due to thermal structures in the atmosphere. Such a cagRottger and Liu, 1978) and/or anisotropic turbulence. The
can be seen very clearly in the upper troposphere and lowebbackscattered signal at VHF for beam zenith angle greater
stratosphere. At some heights, wherislhigh, R is high, than 10 arises mainly due to the refractive index irregular-
but shears are relatively weak, the aspect sensitivity is foundties associated with isotropic scattering at the Bragg scale,
to almost disappear, indicating that some amount of sheawhich is half the radar wavelength (Narayana Rao et al.,
provides favorable conditions for causing aspect sensitivity.1997). The generation mechanisms of these irregularities,
Aspect sensitivity does not occur at all wherd i low or at various height levels in the troposphere and lower strato-
negative and Ris low in spite of wind shear being either sphere (up to 25km) are yet to be fully understood. There
high or low, indicating that the regions are well mixed and are two main causative mechanisms for aspect sensitive radar
hence turbulent. The study also shows a power difference ifbackscatter: 1) specular reflectors and 2) anisotropic refrac-
the symmetric beams. A case study on this aspect suggestse index irregularities (Gage and Green, 1978; Doviak and
that this asymmetry is due to the tilting of layers by the actionZrinc, 1984; Hocking and Hamza, 1997). The contribution
of atmospheric waves. There is indication that these wave®f each of these mechanisms at various height levels, how-
are generated through Kelvin-Helmholtz-instability (KHI).  ever, could not be well determined due to lack of simultane-
ous high resolution radar and in-situ measurements of back-
ground atmospheric parameters.

There have been many efforts to understand the aspect sen-
sitive nature of the radar echoes (Gage et al., 1981a,b; Crane,
1980; Doviak and Zrinc, 1984; Tsuda et al., 1986; Woodman
and Chu, 1989; Hocking et al., 1990; Yoe et al., 1994; Jain et
1 Introduction al., 1997). Most of the aspect sensitivity related studies so far

have been carried out at mid-, and high-latitudes. These stud-
Radarechoes from lower and middle atmosphere at VHF arejes have shown that aspect sensitivity is more at upper tropo-
known to be aspect sensitive, which is characterized by a degphere and lower stratosphere. There are only a few studies
crease in echo power as the radar beam is pointed away frofg|ated to aspect sensitivity from tropical latitudegt@ger et
the zenith (Gage and Green, 197&tRer and Liu, 1978; 31, 1981; Worthington et al., 1999; Damle et al., 1994; Jain
Fukao et al., 1980). Study of aspect sensitivity at VHF in theet a1, 1997). Recently, there have been considerable efforts
lower atmosphere is of significant interest to the radar com+o ynderstand radar backscatter and the aspect sensitivity of
mun|ty, as |t |S |mp0rtant to Understand the CharaCterIStICS Oﬁhe radar echoes in terms of background atmOSphenC param_
the radar backscatters for better interpretation of the spectraters (Tsuda et al., 1997a,b; Jain et al., 1997; Hooper and
Thomas, 1998; Palmer et al., 1998; Worthington et al., 1999;
Hobbs and Reid, 2000; Jain et al., 2001, 2003).
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,These Obslerv‘fit'ons have shown that the_re could be Si9faple 1. Experiment Specification File (ESF) used for the MST
nificart contribution from the enhancement i NHooper  a4ar observations.

and Thomas, 1998). Luce et al. (2001) have discussed con-
tribution of temperature sheets to the aspect sensitive radar  pgrameter Specification
echoes. The above authors pointed out that the zenith and

azimuth angle dependence of the echo power may arise ei- gllzle;epvl;:ztehite;;Od (us) 1200

ther due to diffuse reflection from st_able Iayers,. or dls_— Coded/Uncoded Coded with 12 baud
torted/corrugated sheets or contribution from anisotropic Range resolution (m) 150

turbulence occurring in the stratified atmosphere. Jain et No. of beams 36 (see Fig. 1)

al. (2001, 2003) have shown that, at some heights, echoes  Ng. of FFT points 128

are from sharp gradients in radio refractivity structures as- No. of Coherent Integrations 64

sociated with anisotropic turbulence. A number of attempts Incoherent integrations 1

have also been made to understand the aspect sensitivity and  Observational Window: (km)  3.6-32
its azimuthal anisotropy in terms of the background atmo-
spheric parameters, such as winds and vertical shears of hor-
izontal winds, using simultaneous radar measurements both
in Doppler Beam Swinging (DBS) and Space Domain Inter- The parametef; is a measure of aspect sensitivity afyds
ferometry (SDI) modes (Palmer et al., 1998; Hobbs and Reida measure of antenna beam width as described by the polar
2000; Kawano et al., 2001). Kawano et al. (2001) observeddiagram of the vertically directed beam. As a special case,
backscatter layers to be tilted in zonal plane by @id this  when one of the beams is at zenith, Eq. (1) can be simplified
tilt was used to correct the observed velocity. Worthingtonas
and Thomas (1997) reported that there is a power difference

between two symmetric beams, which they attributed to the,  _. 1 Sir? 6, _sirke @)
tilting of the refractive index gradient layers. The observed * ‘n [ II:(((?)) ] 0
t

tilt of the layers was related to the passage of gravity waves.
Itis thus evident that the background atmospheric parameterg are 61=0 and6, = 6,
affect the aspect sensitivity of the radar received echo powelyq 4y, '

In this paper, an attempt is made to understand the origin  Equations (1) and (2) can be used to compytet the
of aspect sensitivite characteristics of the radar backscattengejght where P (§)>P(¢,) for various beam combinations.
at VHF using simultaneous observations made by the MSTThe values ob, <5° indicate a reflection mechanism other

radar and GPS sonde (Vaisala type) from Gadanki (18,5  than that caused by turbulence (Hocking and Hamza, 1997).
79.2 E), a tropical station in India. An attempt is also made

to understand the possible mechanisms for tilting the layers _
and their contributions to aspect sensitivity. 3 Observations

where®; is the tilt angle of the

Gadanki MST radar is a highly sensitive pulsed Doppler
radar operating at a frequency of 53 MHz with a peak power
aperture product of 3x 2 Wm?. The technical features of

The basic concepts of aspect sensitivity have been discusset Is radar viz. system description, signal processing and data
in several papers (Hocking et al., 1986; Hocking, 1989 processing details have been discussed by Rao et al. (1995).

'The main beam can be steered betwg@@° off zenith an-

?ocl;mg”e t ?L 199n0; D?rr;:]e et a:l.,r 2?94r \:r?m feé aI.I,( 1952,[7)r'gle in two orthogonal planes, i.e. east-west (E-W) and north—
o simplify the concept, the polar diagram of backscatte south (N-S). The antenna beam width {saBid correspond-

is assumed to be proportional to eéqg%) (Hocking et jng to this value

al., 1986), wherd is the beam pointing angle amgl is the o

e~! times the half width of the polar diagram. It is implied g, [: 3dB ] is 1.8,

that small values of, refer to large anisotropy and values of 2V1n2

6>>0; and close to 90refer to isotropic scattering, the lat- QOpservations were carried out using the Gadanki MST radar
ter being due to refractive index fluctuations associated withon 21 September, 25 September, 8 October and 11 October
isotropic turbulence. The parametexscan be determined 2002 to study the aspect sensitivity. On each day, observa-
using the received backscatter powers observed at two zenitfion period was 13:00-20:00 IST (i.e. 07:30—14:30 UT). For
angles, say; andf, (Hocking, 1989; Hocking et al., 1990; these experiments, a pulse length of.&6coded with the

2 Theory

Hooper and Thomas, 1995). baud length of s (range resolution of 150 m) was used.
The Experimental Specification File (ESF) used for these
Sir 6> — sir? observations is given in Table 1. The radar beam is tilted
.1 2 — SIn 01 . sl . . s
6, = sin — sirf6p. (1) in steps of 8 within 15° on either side of zenith in E-W

in [ﬁﬁgg;] and N-S planes and at zenith (i.€.N§ 3° S, Zenith, 3E,
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Table 2. Locafon of the balloon as a function of height for four different days (21 September, 25 September, 8 October and 11 October 2002).

Time 21 September 2002 25 September 2002 8 October 2002 11 October 2002

(min)  D* H* D* Hp* D* H* D* Ht*
15 0.20 3.15 0.10 3.49 0.36 2.69 0.09 2.69
20 0.22 4.53 0.20 5.06 0.41 4.11 0.09 4.10
25 0.42 5.75 0.22 6.37 0.67 5.58 0.11 5.47
30 0.36 7.18 0.40 7.70 0.69 7.01 0.22 6.83
35 0.40 8.41 0.58 9.80 0.73 8.48 0.31 8.10
40 0.42 9.75 0.89 10.23 0.83 10.13 0.22 9.48
45 0.91 10.96 — — 0.95 1169 0.28 10.94
50 1.10 12.48 1.53 13.25 1.11 13.18 0.22 12.34
55 2.48 13.97 4.90 14.72 1.35 1462 0.20 13.91
60 4.8 15.38 5.03 16.17 1.74 15.91 0.27 1541
65 5.13 16.84 5.53 17.65 2.18 17.72 0.43 16.99

—: Data is not available
D: Horizontal distance from radar site in km
H: Vertical height in km

3°W, Zenith, &N, 6° S, Zenith, 6 E, 6 W, Zenith, 9 N, 5 N

9° S, Zenith, 9E, W, Zenith, 12 N, 12° S, Zenith, 12 E, TP S

122 W, Zenith, 13N, 15° S, Zenith, 15E, 15 W, Zenith), T —

which is shown in Fig. 1. After completing one set of such B ih

observations, another set of observations usirigpfitzenith ﬁ°——7/(3, 65,12 15,18 21,24, 22,30, 33, 34)
|

beam (our standard mode of operations) was also collectec . .
29

!
3 [ 9

. . . = 0 16 3s 23 2%
for background wind estimation. wh| | 1 |
Simultaneous GPS-sonde observations were also madt = & & & &k ’
from Gadanki for these four days at 16:30 IST. GPS sonde )
reached an altitude of 24—26 km in just one and a half hours 715 (Beam poinfing angle)
from the time of release. GPS sonde measurements of tem e b 36 Beam miber)
perature, pressure, humidity, wind speed and wind direction 3
were obtained at every one-second interval, corresponding
to a vertical resolution of approximately 5m. In order to
have a meaningful comparison and synthesis of the balloon
and radar data, it is important to know the location of the
balloon as a function of time. The location of the balloon
as a function of height is given in Table 2 for three differ-
ent days. It is found that the locations of the balloon are
well within the region of radar measurements, except at the
height of abqut 16 k_m, where the balloon is about 1 km away, \mber (R=NZ/S?
from the region of interest. To make radar and GPS sondqal winds).
measurements comparable, a fixed-point interval of 150-m
linear interpolation was performed. The radar measurements
of echo power, vertical shear of horizontal wind as a function
of height are presented. These represent average values over
one and a half hour corresponding to the GPS-sonQe obs_e -igures 2a—d show the height profiles of echo power for dif-
vations. These measurements are used to determine height

fil fat heric static stabilit tef\Nvh rent beam zenith angles®(®°, 6°, 9°, 12° and 15) in E—
profiies ot atmospneric stalic Stability paramete JNvhere W and N-S planes, stability parametet, Nquare of the ver-
N is the Brunt-\&isala frequency. The parameterg hre de-

tical shear of horizontal winds £$and Richardson number
fined asN?=£ (%) where g is acceleration due to gravity, (R;), observed on 21 September, 25 September, 8 October
0 is potential temperature. The simultaneous MST radar anéind 11 October 2002, respectively. It may be mentioned that
GPS sonde observations are used to estimate the Richardstime sensitivity of the radar was the same for all four days. The

1 12" 15

17— 20

[ER—

Fig. 1. Beam switching pattern in E-W and N-S planes of the an-
tenna array, used for the present study of aspect sensitivity. The
beam scan number and zenith angle of the beam are also given.

, where S is the vertical shear of horizon-

Results and discussion
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Fig. 2. Figures 26)—(d): Height profiles of radar echo power for different beam positions in E-W and N-S planes for (a) 21 September,
(b) 25 September, (c) 8 October and (d) 11 October 2002. Height profile$,afduare of vertical shear of horizontal wind€(%nd
Richardson number (fR are also plotted side by side. The horizontal arrow in each panel of power profiles represents the height of the
tropical tropopause obtained GPS sonde observation.
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wind shears shown here are computed using the radar meaphere (e.g. below 9km) is low. It can be noticed that in all
suremats. The height profiles of NS> and R are presented these cases shears are also relatively Icdx(® %), and, in
side by side in order to have a close comparison of these pageneral, R>2. Therefore, in all these cases, thoughif
rameters with the power profiles, which are discussed later. high, the aspect sensitivity is relatively weak. These obser-
The echo power profiles presented here are one and a haviations appear to be quite similar to that observed at 15 and
hour average values corresponding to 16:30—18:00IST. Thd7 km on 8 October 2002, indicating the role of shears for
horizontal arrow in the panel of power profiles shows the aspect sensitivity.
height of tropopause obtained from GPS sonde for each day
of observation. The power profllgs of 25_September and 114.3 Absence of aspect sensitivity and observations of tur-
October appear to have two distinct regions where the ob- b
" . . bulent layers

served radar echoes are aspect sensitive. The two regions are:
height range of 7-11.5km on 25 September and 5-9km on
11 October and above 14 km on both days. The aspect serkigures 2a—d show that in the troposphere and lower strato-
sitive feature can be noticed in both E-W and N-S planessphere at some heights wheré il low or negative and Rs
The received echo powers at higher beam angl&)Yare  low, the echo power for all beam zenith angles is the same,
almost equal. In contrast to the observations of 25 Septemin spite of wind shears being either high or low (see, for ex-
ber and 11 October, the observed echo powers do not appeample, at 14.25 and 13.5 km on 21 September, 25 September
to have aspect sensitivity below 15km on 21 September an@002 or at 11.5 and 11.25km on 8 October and 11 Octo-
below 18 km on 8 October. However, above these heightsper 2002). This indicates that the regions are well mixed and
the observed echo powers are highly aspect sensitive. Thexhibit lack of aspect sensitivity.
height profiles of echo power in Figs. 2a and b clearly show
modulation with vertical wavelength of 1-2km. A similar
signature, however, is not present in Fig. 2c and d. On 11
October,_ the observed_echo POWers are relative_ly stronger &g Relation between aspect sensitivity and wind shear
lower heights and relatively weaker at higher heights as com-
pared to other days.

From the above presentation it appears to be clear that some
4.1 Upper troposphere and lower stratosphere (>15km) minimum amount of shear is responsible for the observed

aspect sensitivity. In order to examine this we have plotted
From Figs. 2a—d it can be seen that in the upper tropospherthe aspect sensitivity as a function of wind shear in the form
and lower stratosphere (above 15km) normally the aspecof scatter plots in Fig. 3a and b, corresponding to height re-
sensitivity is high. Wherever aspect sensitivity is high, gra-gion <15 km and>15km, respectively. It is clear that the
dient in N is high, wind shear is low and;Rs greater than  highly aspect sensitive targets are associated with wind shear
1. This indicates that the aspect sensitivity is caused by thef magnitude less than 0.2msm~1. Above this value
thermal structure of the atmosphere (Luce et al., 2001; Jaitthe scatterers have a tendency to lead to an isotropic na-
et al., 2001, 2003). Exception can be seen at 15 and 17 krture. The figures also suggest that all the aspect sensitive
on 8 October 2002. In general, there should be high aspedargets are associated with wind shed.01 msm=1, in-
sensitivity. On this particular day, although gradient iA N dicating the requirement of minimum shear for causing as-
is high, shears are observed to be relatively weak gnd R pect sensitivity. It may be important to mention that our
observed to be greater than 4. Accordingly, it appears thatneasurements allow us to observe wind shear as low as
the presence of some amount of shear is possibly necessatly3x 10> ms~*m~1, which is decided essentially by the ve-

to give rise to aspect sensitivite radar backscatters. locity resolution (0.002 ms!) and range resolution (150 m)
capabilities of the radar. For a detailed study, however, very
4.2 Lower and middle troposphere15km) high resolution measurements with resolution of the order of

Bragg scale size (responsible for the radar backscattering) are
From Figs 2a—d it can also be seen that in lower and middlaequired. In this connection, an appropriate study that is rel-
troposphere at some heights aspect sensitivity is high and avant to understanding this aspect is that made by Muschinki
some heights it is not. Wherever aspect sensitivity is high,and Wode (1998). They have discussed on the time require-
gradient in N is high (except 10-12km on 25 September ment for 2.4-m thick layers to completely diffuse when the
2002), shear is low and;R 1. In these height regions, as- diffusion coefficient is taken to be 2.9 °m?s1. It has
pect sensitivity, however, is not as high as that at the uppebeen shown that the required time is 9.5 h. However, for radar
troposphere and lower stratosphere. Since the static stabilitpackscatter, a minimum refractive index gradient is required
is lower in the lower and middle troposphere, as seen fromfor it to be detected. Accordingly, the time scale in which
the NP profiles, the dynamic instability dominates over the a refractive index gradient will be invisible by a radar will
static stability and finally resulting into turbulence. On three be much smaller. In this context the wind shear could play
days (21 September, 25 September and 8 October 2002) thee crucial role in resharpening the refractive index gradient,
aspect sensitivity observed in the lower and middle tropo-which could lead to aspect sensitive backscatter.
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1. The distinct regions of high aspect sensitivity, as seenin

Height < 15 ki

10 ; : ; ; ; Figs 2a—d, can be clearly made out from small values of
________ 5900t NUSTORES FRSRRN SNONNS SURSOI SOUUOUOR SRSTORN SR SO 6s. In lower beam zenith angles, whé=®are less than
= g 5°, the backscattered power is attributed mainly to par-
z * i i | | tial reflection (Hocking and Hamza, 1997). For higher
n:E """" i " . beam zenith angles, wheré 59s<1@, the backscat-
2 T e ! ! ! ! tered power is attributed to anisotropic turbulence. The
mg —————— 2 i e S e S B e enhanced aspect sensitivity is observed in the lower tro-
T 4l e f f § § posphere, upper troposphere and lower stratosphere on
E 777777 . " R T T . 25 September and 11 October. On other days, it is found
g 1. -Q':. . | ‘ ‘ to be in the upper troposphere and lower stratosphere.
b 112 ] ; ; )
A --:—’-:f ------- L R e R I e 2. Comparing the height profiles 66 for E-W and N-S
0 : : ; f f planes, it is seen that the parameters for the two planes
0.00 oo 0.02 0.03 004 0.0 differ considerably (see Fig. 4b), indicating asymmetry
Shear (s™) of aspect sensitivity in the two planes.

Height = 15 km

80 ; ; : : : 3. A close examination of Fig. 4a clearly shows that the
- ¢ " """""""" """""""" """" rada backscattering volume in the region of high as-
POV (S P SV RO N AU NSV N D S pect sensitivity is filled with a mixture of anisotropic
Eeo : : : ; : and isotropic backscatterers. In the low aspect sensi-
D:E - o P R B - tivity regions, the backscatterers are found to be more
R = S 2O I T . S PR A I b isotropic in nature. The anisotropic backscatterers are
i i s i : : found to contribute more to the echo power at smaller
2 10 75 . R S I T e beam zenith angles (i.e®03°), the isotropic backscat-
§ ,,,,, PSS AT — I L terers contribute more to the beam with large zenith an-
7 20 i i : : gles (6, 9°, 12 and 18) to the echo power. At more
é ol e =!t """ -4 """""""" """" than @ zenith angle, the scattering is mainly due to
,,.1;,5,;.,,’ . TR - R . VS - s isotropic scatterers. At angles9°, contribution from
0| Yale o ,"‘!": 1 ¢en ow, . LIt the anisotropic scattering becomes important, which is
0.00 0.01 0.02 0.03 0.04 0.05

a function of beam zenith angle. In addition, when the
Shear (s7) layers are tilted or modulated by wave activities, it could
result into different aspect sensitive character.

Fig. 3. Scatter plots of aspect sensitivity as a function of wind shear
for height region ofa) <15 km and(b) >15 km where aspect sen-

sitivity is present. 7 Tilting of atmospheric layers and their generation
mechanisms
6 Height profiles of aspect angle (8) estimated for dif- While computing aspect angle gp it was noticed that at
ferent beam combinations some times, at certain heights, obligue beam echo power

is more as compared to vertical beam. This type of situa-
The height profiles of's are determined using the observed tion could arise either due to isolated intense turbulent patch
echo power for beam combinations’(®°), (0°, 6°), (0O°, advecting through the off-zenith beam or due to tilt of the
9°), (0°, 1) and (O, 15°) for 21 September, 25 September, echoing layers. Gage et al. (1981a, b), Gage (1986) and
8 October and 11 October 2002. The height profile§®f Hobbs and Reid (2000) suggested that this type of situation
calculated using Eq. (2) for both the planes (i.e. E-W and N—could arise due to the passage of atmospheric waves over the
S) corresponding to each day are shown in Fig. 4a, top andadar site and associated fluctuation in vertical and oblique
bottom panels, respectively. The parameters correspondingeam echo power. If the layers are horizontally stratified in
to each of the zenith angles are obtained from the average djoth east-west (E-W) or north-south (N-S) directions, the
symmetric beam measurements. The gap region in the heighgower is expected to be equal between the two symmet-
profiles of¢s indicates tha#s could not be computed since ric beams. If the layers are tilted, there could be a power
P (62)>P(61). In order to show the aspect sensitivity in two difference between the symmetric beams (Worthington and
planes (E-W and N-S) scatter plots are shown in Fig. 4b forThomas, 1997). To understand the causative mechanisms of

different beam zenith angles. ~such tilted layers in the present study, the MST radar mea-
The following observations can be made from the heightsurements taken for more than 7 h on 25 September 2002 are
profiles of¢'s presented in these figures. selected, since such signatures are observed prominently on

this particular day.
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Fig. 4. (a) Height profiles of aspect angle (¥ for various beam combinations in E-W and N-S planes for 21 September, 25 September,
8 October and 11 October 2002. Each of these beam combinations use zenith beam as rélf@r&apect sensitivity in two planes (E-W
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Fig. 5. Figures %a)—(j) : Height-time intensity (HTI) maps of the difference in signal power for 25 September 2002 of the symmetric beams
in both E-W and N-S planes at various zenith angles (&,6°39°, 12° and 1%). The difference in signal powers observed in the conjugate
beams is presented in logarithmic scale.
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Fig. 6. Height-time-intensity plot of power burst pattern for 25 September 2002 from 12—15 km (upper panel). Lower panel shows the height
profiles of N?, square of vertical shear, Rnd vertical velocity.

Figures 5a—j present the height-time intensity (HTI) mapsference is observed to come down as a function of time. At
of the difference in signal power in both E-W and N-S 19-20km, such power differences are also observed. These
planes at various zenith angles (e.§, 8°, 9°, 12 and power differences indicate that at 19—-20 km, the backscatter-
15°). In these figures the difference in signal powers ob-ers are tilted in towards east and north &t ®wards south
served in E-W/N-S are presented in logarithmic scale (dB)and some time towards north &t Beam. At 12 beam it is
From these figures it can clearly be noted that at some heightilted towards west and south. At lower height up to 11 km
levels, there is a significant difference in the received powersuch power differences are also observed. But this difference
in the two symmetric beams. This clearly indicates the tilt of is not as systematic as it is for 12—14 km and 19-20 km.
the atmospheric backscatterers at these altitudes. Such power
differences are observed in the altitude range of 12—14km at One mechanism which gives rise to such a tilt is the
all the beam zenith angles in both planes. But the most sigPresence of Kelvin-Helmholtz-instability (KHI) and the
nificant difference is seen for the beams with zenith anglesvaves generated by the same mechanism (Worthington and
of 9° and 12, indicating that backscatterers are tilted down- Thomas, 1997). To examine the possibility of such mech-
wards by about 9 to F2from horizontal towards east and anism, signal power observed in the vertical beam on

north. The tilt in both the planes and the enhanced power dif25 September 2002 is shown in Fig. 6a as a contour map.
Power burst patterns can be observed at about 13.5 km, from
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