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Abstract. In recent works, zenithal and azimuthal angle scatterers are anisotropic at the Bragg scale (i.e. the half
variations of echo power measured by VHF Stratospherefadar wavelength). This property was mainly observed in the
Troposphere (ST) radars have been analyzed in detail usinpwer stratosphere (Gage and Green, 197@fder and Liu,
different radar multi-beam configurations. It was found that 1978). Recently, the azimuthal dependence of echo power
the azimuthal angle corresponding to maximum echo powemwas thoroughly analyzed (Tsuda et al., 1997; Worthington
is closely related to the direction of the horizontal wind shear.and Thomas, 1997; Palmer et al., 1998), and it was found
These properties indicate that local wind shear affects the tilthat the azimuth angle for which the power maximum is ob-
of the scatterers. Moreover, horizontal maps of echo poweserved is strongly related to the horizontal wind shear direc-
collected using a large set of beams steered pulse-to-pulsgon. This property implies that the local wind shear affects
up to 40 degrees off zenith revealed that the power distributhe azimuthal distribution of the scatterers. Worthington et
tion pattern in the troposphere is often skewed. In this work,al. (1999) reported that the phenomenon could be observed
a three-dimensional description of echo power variations upat zenith angles larger than 10 degrees in the troposphere,
to 24 degrees off zenith is shown for measurements in thevhere it was previously believed that the isotropic backscat-
lower stratosphere (i.e. up to approximately 20 km) using atering mechanism is dominant. Power imbalances between
“sequential multi-beam” (SMB) configuration. Such a de- oppositing beam directions can reach 10 dB or more at 10
scription was not possible above the tropopause with clasdegrees off zenith after 1-h averaging.

sical multi-beam configurations because of the loss of radar ;.\ measurements performed using a multi-beam

selnsmwty dl:)e to fthbe Ilmlted_ljaﬁegratfn time by the USEIOf scheme with pulse-to-pulse beam steering, (e.g. Palmer et
a large number o beams. Is work attempts to complete,, 1998; Worthington et al., 1999, 2000), it was clearly

previqus descriptions of the phe_nomenon_by some observaéhé)wn that horizontal maps of echo power are skewed and

r%.ometimes very scattered. This property indicates that the

azimuthal dependence of echo power does not merely result
Key words. Meteorology and atmospheric dynamics (turbu- from tilting of scattering layers (for example, tilts produced
lence) — Radio Science (remote sensing) by a long-period gravity wave or the tilt of isentropic surfaces
at synoptic scales), but rather results from facets of corru-
gated layers with a predominant orientation constrained by
the local wind shear. It is now suggested that this mecha-
nism is a more likely source than anisotropic turbulence (e.g.

Flexible VHF Stratosphere-Troposphere (ST) radars such a'§|0(,:king and Hamza, 1997; Worthington etal, 2000),' The
the Middle and Upper atmosphere (MU) radar (Shigaraki,hor'zontal maps produce an image of the angular distribu-
Japan, 385° N, 13610° E) make it possible to volume- tion of the facets’ tilts smeared by the radar volume and time
image the distribution of echo power by pulse-to-pulse steerdveraging. This idea is quite different from t_he hypothesis
ing of multiple radar beams. This ability permits us to im- proposed by TSl_Jda et.aI. (1997)’,Wh0 consujered a model
prove our knowledge of VHF backscattering. The zenith as_of monochromatic gravity waves with large horizontal wave-

pect sensitivity, i.e. the decrease of echo power as the rada{?ngt?s tg exp!aﬂn thel azimuthal depﬁndlence of ZCTO power
beam is pointed away from zenith, observed very early afte?! @ fixed zenith angle.. However, the latter model cannot

the development of the ST radar technique, indicates that thEXP!ain the skew of the distribution which can also produce
sinusoidal variations when considering a fixed zenith angle.

Correspondence tdvl. Hirono Worthington et al. (1999) proposed that the characteristics of
(hirono@kurasc.kyoto-u.ac.jp) power maps result rather from a small-scale KHI mechanism.

complementary balloon measurements.

1 Introduction
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Table 1. SMB configuration. 2 The SMB configuration

IPP (us) 400

Number of coherent integrations 20 Figure 1 shows the radar beam distribution viewed from
Number of incoherent integrations 6 above. Sixteen groups of five beams (steered every inter-
Total number of beam directions 65 (1+46) pulse-period set at 400s), corresponding to a total num-
ggnmgze:ggﬁ rt'i%i %r?]t)es 115253 (5.1-24.15km) be_:r of 65 beam directions, have been useql and observations
Time resolution 10min 11s with each group were performed sequentially. Each group

includes the vertical beam for observations overhead, with
a time resolution corresponding to the acquisition time of a
single group. The obliqgue beams of the sixteen groups were
steered such that observations could be performed up to 24
However, since the azimuthal dependence seems to be quitiegrees off zenith in steps of 4 degrees and at azimuths given
systematic, it is still not well-understood if the KHI mecha- by (o, a + 90,« + 180,«a + 270) degrees, wheteis the az-
nism is always the source of the phenomenon or not, and ifmuth of the first oblique beam (see Fig. 1). Such a configu-
the various characteristics result from KHI events at differentration allows for 16 estimates of wind profiles to be obtained.
stages of their development. More conclusive results couldlable 1 lists other parameters of the SMB experiment. The
perhaps be obtained with more quantitative comparisons. maximum radial velocity is 40.31 m$, in order to avoid

The purpose of this work is to describe the characteris-DOPPler aliasing for beam angles far from the zenith. The
tics of the zenithal and azimuthal aspect sensitivity in theMaximum speed of the jet-stream was about 62 at an
lower stratosphere in comparison to balloon measurementgltitude of 11.40km.

Horizontal power maps have already been obtained with the . .
MU radar up to 40 degrees off zenith but only in the tropo- It should be noted that SMB experiments are carried out

sphere, i.e. below approximately 10km because the rada the detriment of the acquisition time. Furthermore, the

sensitivity decreases as the number of beams increases Whgﬁta for the first and last group are collected with significant

steered pulse-to-pulse. Indeed, if the number of beams is inime differences, while the data obtained with the classical

creased by facton, the number of coherent integrations is multi-beam configuration are almost simultaneous for all the
divided byn for thé same Nyquist frequency of the Doppler direc_:tions. The toFaI acquisition time r_1eeded for o.perating
spectra. The received power is then reduced by factor all sixteen groups |s_abqut 10min (8 min 11 s plus time lags
Maps have been obtained using the same technique in th%orrespondlng to §W|tch|ng between groups) with the param-
lower stratosphere (up to approximately 15 km) but for zenitheters of th? e_zxperlment performe_d on 11-12 November 2001.
angles smaller than 5 degrees for the same reason (echo wever, it Is v_v_orth noting that it is less than twice the to-

cannot be detected at larger zenith angles). Therefore, th time acquisition of the 320 beam configuration used by

characteristics of the horizontal power maps at zenith angle orthington et al. (1999) and that the_acqwsmon t.|me could
larger than 5-10 degrees in the lower stratosphere are sti e reduced to approximately 100's without the 6 incoherent

poorly documented. Since the lower stratosphere is usualI%ﬂltfgrat:;)?s_performfﬁ ":j rfaltt'rg_ﬁ to frfr(:luce dthe gmotmt of
affected by instabilities due to long-lived gravity waves, the ata and to Improve the detectability oT the radar sighal.

detailed characteristics of power maps may be particularly Since the power imbalances between opposite beams

g]terestmgf: Ma;i.plng IS nottpos?ble ‘jf'r?g aclass[[(.:al ”I]um'strongly depend on the shear direction (Worthington and
€am configuration, e€xcept perhaps during exceptiona Con"I'homas, 1997), it was expected that relevant data sets could
ditions of intense reflectivity episodes related to strong turbu

_ be obtained in the lower stratosphere if the data acquisi-
Mfon time were significantly shorter than the dominant inertial
gravity wave period such, that the wind shear direction, mod-
We propose a configuration to perform observations up toylated by the the gravity wave, does not change significantly.
24 degrees off zenith by using several consecutive 5-beann order to reduce possible power fluctuations resulting from
DBS modes at different zenith and azimuth angles, whichtime |ags between observations using different groups, we
we call the “Sequential multi beam” (SMB) configuration. performed 2-h averaging on the collected maps. This experi-
SMB permits us to preserve the same radar sensitivity as thehent was therefore intended to analyze the persistent features
standard DBS mode and yet obtain reliable observations upnd was not used to describe the more or less sporadic vari-
to 20km or higher. Section 2 describes the advantages angtions which can appear at very high temporal resolution, as
drawbacks of SMB, and describes the radar parameters afhown by Worthington et al. (2000).
the SMB experiment on 11-12 November 2001. Some ob-
servational results for stratospheric ranges are described in Horizontal maps for each altitude range were obtained by
Sect. 3 and discussed under the dynamic stability condition$inearly interpolating the oblique profiles at altitudes of the
deduced from radar and balloon measurements. Finally, convertical sampling, and the loss of antenna gain has been cor-
cluding remarks are given in Sect. 4. rected in the same manner as Worthington et al. (1999).

of the dominant features in the lower stratosphere.
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N

SMVB1 0,0 0, 4 90, 4)(180, 4)(270, 4
SVB2 0,0 0, 8 90, 8)(180, 8)(270, 8
SMB3 0,0)( 45, 8)(135, 8)(225, 8)(315, 8
SVB4 0,0 0,12 90, 12) (180, 12) (270, 12
SMB5 0,0)( 30,12)(120,12)(210,12)(300, 12
w E SVB6 0,0 60, 12) (150, 12) ( 240, 12) ( 330, 12
SMB7 0,0 0, 16 90, 16) (180, 16) (270, 16
SVB8 0,0 30, 16) (120, 16) (210, 16) ( 300, 16
SMVB9 0,0 60, 16) ( 150, 16) ( 240, 16) ( 330, 16
SMB10 (0,0 0, 20 90, 20) (180, 20) (270, 20
SMB11 (0,0)( 30,20)(120,20) (210, 20) (300, 20
SMB12 (0,0 60, 20) ( 150, 20) ( 240, 20) ( 330, 20
SMB13 (0,0 0,24 90, 24) (180, 24) (270, 24
SMB14 (0,0 20, 24) (110, 24) (200, 24) ( 290, 24
SMB15 (0, 0)( 45,24)(135, 24) (225, 24) (315, 24
s (@) SMB16 (0,0 70, 24) (160, 24) (250, 24) ( 340, 24 (b)

Fig. 1. Layout of the 65 radar beams of the SMB experiment (left) and a table showing the azimuth and zenith directions of the each DBS
set (right).

3 Observation results The characteristics of echo power maps at two height
ranges delimited by the horizontal dotted and dashed lines
3.1 HTI plots of echo power (13.05-14.25km and 17.10-18.30 km, respectively) will be

analyzed in detail. They will be called hereafter “AS” (aspect
Figure 2a shows the height-time intensity plot of vertical sensitive) and “NI” (nearly-isotropic) regions, respectively,
echo powers for the complete observation period. Strongor simplicity. These regions have been chosen because the
vertical power enhancements are observed above 9km, sugrower maps reveal very specific characteristics and because
gesting the tropopause altitude. This result is confirmedihe AS region contains ranges corresponding to cases (1) and

by the stability (Biint Vaisala frequency §2)) profile ob- (3) and the NI region to case (2).
tained from balloon temperature and pressure measurements

at 00:43LT (Fig. 3). This profile reveals a significaN

enhancement above 9km characteristic of the tropopause.

As classically reported with the MU radar, for example, - .

(Tsuda et al. 1986), intense and long-lived echoing layers3-2 Stability conditions

are detected in the lower stratosphere (Figure 2b). Their

heights vary slowly while many successive echoing layers

show downward motions in the high troposphere. These lay-

ers may result from stratospheric air intrusions (e.g. recentlyFigure 3c shows the Richardson numbgi)(profile at the
Vaughan and Worthington, 2000). We did not analyze thesgadar range resolution (150 m). Tl parameter describes
structures in detail since their study is not the topic of thethe dynamic stability of the flow. It is estimated from the ra-
present paper. Figure 2b shows echo power profiles averagdip betweenN? (Fig. 3b) and the modulus squared of the
from 22:39 to 00:46 LT for zenith angles from 0 to 24 de- wind shearS=./(Au/Az)? + (Av/Az)? (Fig.3a) deduced
grees. The obliqgue-beam echo power profiles have been a¥rom radar measurements of the zonglgnd meridional«)
eraged in azimuth, in order to show the zenithal aspect sensiwind components. Unfortunately, the balloon burst at around
tivity only. The profiles can be divided into three categories: 15 km, so that temperature data are not available above this
(1) the echoes are particularly intense and aspect sensitivaltitude and the dynamic conditions cannot be analyzed for
above 9km and below 14 km (the vertical echo power en-the NI region. TheRi number is larger than 0.25, indicated
hancement is about 20 dB with respect to the power receivedby vertical dotted-dashed line in Fig. 3c everywhere (a local
at 24° off zenith); (2) a nearly isotropic region can be no- Ri smaller than 0.25 is a necessarily condition for dynamic
ticed between 16 and 20 km (the vertical enhancement doemstability), but this parameter is scale-dependent and values
not exceed 7 dB). A thick and nearly isotropic echoing layerlarger than 0.25 at a 150-m scale do not necessary mean the
is detected between 17 and 18 km; (3) the very thin peak lo-absence of local instabilities. The AS region is roughly, but
cated at 14.25km has intermediate characteristics: It is assignificantly, associated with a minimufd number (close
sociated with a vertical echo power enhancement similar tado 0.25). It results mainly from a shear enhancement, since
case (1) but the received power decreases more slowly thathe static stabilityN? does not differ from the stability be-
below 14 km (i.e. the angular aspect sensitivity is wider thanlow the AS region and above 9km. The presence of shear
below 14 km). instabilities is therefore plausible.
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Fig. 2. (a) Time-height variations of the echo power afi) height variations of the echo power averaged from 22:39 to 00:46 LT corre-
sponding to the period delimited by the two solid vertical lines in (a). The dotted and solid horizontal lines in (b) correspond to the analyzed

ranges shown in Figs. 5a and b, respectively.

14+ 14
127 1127
g
=
(3
g 10 1107
<

8 8

6 6

0.00 0.01 0.02 0.03 0.0410-6 10-5 10-4 10-3 107

S(ms'm") N'(s¥)

Fig. 3. Height variations ofa) the horizontal wind shed, (b) the Brint Vaisala frequency\/2 and(c) the Richardson numb&i = NZ/SZ.

NZ is obtained from temperature and pressure measurements by a balloon launched at 00:43 LT and the wind shear, measured by the ML
radar, is averaged from 22:39 to 00:46 LT. The horizontal dotted lines in (c) correspond to the analyzed range shown in Figs. 5a. The vertical
dotted-dashed line in (c) indicates the critical Richardson number of 0.25 which is necessary for dynamic instability.
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Fig. 4. Height variations of the azimuth dependence of echo power averaged from 22:39 to 00:46 LT. The red and white lines indicate wind
shear direction defined by = (—Au/Az, —Av/Az) andS = (Au/Az, Av/Az), respectively. The radius of red circles indicates the wind
shear magnitude. The horizontal black dotted and solid lines correspond to the analyzed ranges shown in Figs. 5a and b, respectively.

3.3 Azimuthal dependence of echo power at 12 degrees oftlearly observed at some altitude ranges (within the AS re-
zenith gion, for example). This feature is a clear signature of a
dominant inertia-gravity wave of 1-2 km vertical wavelength
Figure 4 shows a typical example of height variations of theusually observed above the MU radar location (e.g. Fritts
azimuth angle dependence of echo power averaged over 2&t al., 1988; Sato, 1994). The AS region is associated with
between 22:39 LT and 00:46 LT at 12 degrees off zenith. Thethe strongest azimuthal power dependence, while this depen-
mean echo power value has been subtracted from the otslence is not so strong within the NI region or between 9 and
served echo power at each height. A similar example wasl3 km, where the aspect sensitivity is similar. It is also worth
shown by Tsuda et al. (1997) but at 6 degrees off zenith behoting that the selected NI and AS regions correspond to en-
tween 11 and 15.6 km and for observation intervals of 137 shanced wind shears, as indicated by the red circles.
The corresponding wind shear direction measured by the MU
radar is also indicated by a red curve. The radius of the red.4 Power maps
circles indicates the wind shear magnitude. This figure con-
firms the relationship between the maximum of echo powerFigure 5a shows the corresponding horizontal maps of echo
and the direction of the wind shear vector as shown previ-power for 9 consecutive gates within the AS region from
ously by Worthington and Thomas (1997). The plots reveal13.05 to 14.25km. The wind shear, resulting from the av-
only single humped height variations; double humped vari-erage of several estimates from different groups at 8, 12 and
ations, similar to those revealed by Tsuda et al. (1997, theirl6 degrees off zenith is indicated by white arrows. The black
Fig. 4), have not been found either because they are more seftots indicate the direction of the radar beams and the white
dom or because the phenomenon is more sporadic and disapgashed circles correspond to a zenith angle of 10 degrees
peared due to time averaging. Similar effects can be deducedsed for standard DBS observations.
from echo power maps shown in Fig. 5 of Worthington et Owing to the configuration used, the characteristics of the
al. (2000) at smaller zenith angles and with a shorter timehorizontal distribution of echo power up to 24 degrees are
resolution. then described in the lower stratosphere and complete the
Above the tropopause, a clockwise rotation of both wind works by Palmer et al. (1998) and Worthington et al. (1999,
shear vectors and direction of echo power maximum is2000). As expected from Fig. 4, the relationship between the
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Fig. 5. Horizontal maps of echo power frofa) 13.05km to 14.25 km an¢b) 17.10 km to 18.30 km averaged from 22:39 to 00:46 LT.
White arrows indicate the wind shear direction and magnitude. The white dashed circles correspond to a zenith ghglaebldck dots
indicate the direction of the radar beams.

skew of the distribution and the direction of the wind shear is(corresponding to case 3) and at 13.50 and 13.65 km (case 1)
evident. Both parameters show a gradual clockwise rotatiordo not reveal significant differences but the former show a
with altitude increase. The altitude range covered by the mapess pronounced skew.

series corresponds to one vertical wavelength of the quasi- It is to be noted that, since the resolution of the grid is
monochromatic gravity wave. Even at 10 degrees off zenithnot sufficient around the zenith, it is not possible to identify
the power dependence can still be very significant: for exam+the exact position of the maximum and then to show if the
ple, a difference of 8-10 dB is observed at 13.50 km betweerskew of the distribution is also related to a tilted structure on
the north and south directions. It is interesting to note thataverage.

the asymmetry of the power distribution can still reach 5dB  Figure 5b shows the power maps for the NI region between
or more at a zenith angle of 24 degrees. These results for thg7.10 and 18.30 km. The scatter of the distribution appears
stratosphere (a strongly stratified region) are consistent witho be more pronounced. These maps are similar to some ob-
those given by Worthington et al. (1999) for the troposphereserved in the troposphere in the present data sets (not shown)
(a less stratified region). The gates at 14.10 and 14.25knand by Worthington et al. (2000). Some maps, at 17.70 km or
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Fig. 6. Non averaged maps of echo power from 22:39 to 00:46 LT at 13.50 km.

18.15km, for example, seem to suggest a power maximuntions. The power maps reveal similar features to those re-
far away from the zenith, as already noted by Worthingtonported by Palmer et al. (1998) and Worthington et al. (1999)
et al. (1999), for weakly zenith aspect sensitive echoes inwithin the troposphere. The skew of the distribution varies
the troposphere. If produced by fully-developed, 3-D turbu-but is observed at all altitudes. The characteristics of the
lence, these maps suggest that the tilts of the small-scale tupower maps are clearly affected by inertial gravity waves.
bulent irregularities are still oriented predominantly by the However, in the troposphere, there is no signature of such
local wind shear but that the distribution of tilt angles are, waves. It is then important to emphasize that the relation-
however, more scattered than for the case where the echoeahip between the wind shear direction and the direction of
are produced by stable layers. the skew of the echo power distribution is not constrained by
Figure 6 shows horizontal echo power distributions with- the presence of a gravity wave. A similar feature is observed
out time averaging at 13.50 km. It is interesting to note thatwithin the NI region.
all these maps reveal the same gross features as the averagedrhe strong aspect sensitivity observed between 9 and
map shown in Fig. 5a, even though, as expected, they appeay km is related to a strong azimuthal dependence only in the
more variable. This result tends to indicate that the time lagsAS region (13.05-14.25 km), where ti& number is close
between the 16 radar configurations for collecting a completeao 0.25 (Figs. 4 and 5a). This characteristic seems to indicate
map are not a drawback in practice and that the spread of thehat stable layers are distorted by the onset of instabilities
distribution after 2-h averaging does not result from the timewithin the AS region, while they are not so distorted below
averaging. In the present case, the 2-h averaged maps are3 km. Since zenith aspect sensitivity is still strong, it may
therefore, representative of the main characteristics revealede suggested that the instabilities are not sufficient to pro-
by maps that would have been obtained at a shorter time acjuce wave-breaking after which turbulence could attenuate
quisition. the zenithal and azimuthal echo power dependence. How-
ever, the detailed underlying mechanisms which produce the
power maps of Figs. 5a and b are still not clearly identified.
4 Dicussion and concluding remarks The NI region may also correspond to a height range where
dynamic instabilities occur. Contrary to the AS region, these
In this work, we analyzed the 3-D echo power distribu- instabilities may have produced a thick turbulent region lead-
tion within the lower stratosphere obtained with a sequentialing to nearly isotropic echoes with a much weaker, but still
multi-beam experiment in association with balloon observa-significant, azimuthal dependence. The absence of rotation
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