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Aspect sensitivity of stratospheric VHFE radio wave scatterers,
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The aspect sensitivity of VHF radar scatter in the stratosphere is investigated with particular
emphasis being placed on the region above 15-km altitude. It is found that the scatter is highly aspect N
sensitive below about 18 km in the stratosphere as is well known, but above this height the scatter ‘
becomes more jsotropic again. The highest degree of aspect sensitivity occurs around 18-km altitude,
where the backscatter polar diagram has a l/e half-width 8, of ]Jess than 1.5°, and the horizontal
correlation fength can exceed 30 m. At heights above 20 km, however, 4, is in excess of 4° and
increases with increasing height. At any one height there is a range of scatterer shapes, from
scatterers with large length-to-depth ratios up to almost isotropic scatterers. These results are
confirmed using studies of backscattered power as a function of angle, comparisons of radial
velocities as & function of beam bore-tilt angle, and studies of the spectral width compared to the
expected beam-broadened spectral width. The results complement and support the only other
published study of scatterer anisotropy in the region of 15- to 30-km altitude (Hocking et al., 1986).

1. INTRODUCTION

Much attention has been paid to the fact that the
strength of VHF radar scatter from the atmosphere
is a function of beam pointing angle, with backscat-
ter from overhead being much stronger than from
the off-vertical directions. This so-called ‘‘aspect
sensitivity’” is very pronounced just above the
tropopause. Gage and Green [1978] and Roettger
and Liu [1978] were the first to report this behavior,
and many studies have been made since [e.g.,
Green and Gage, 1980; Gage et al., 1981; Doviak
and Zrnic, 1984; Tsuda et al., 1986; Hocking et al.,
1986; Woodman and Chu, 1989). However, a con-
vincing explanation of the anisotropy is still elusive.
Some authors argue for the existence of steplike
structures with large horizonial extenf, existing
either singly or in groups [e.g., Roettger and Liu,
1978; Roettger, 1980; Gage and Green, 1978; Gage
et al., 1981 (with corrections indicated by Hocking
and Roeftger [1983]), while others [e.g., Crane,
1980; Doviak and Zrnic, 1984; Woodman and Chu,
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1989] claim that the aspect sensitivity can be ex-
plained solely by anisotropic turbulence.

It has generally been assumed that the strong
aspect sensitivity exists throughout the strato-
sphere, but one study [Hocking ef al., 1986] with
the sounding system (SOUSY) radar in West Ger-
many indicated that above 20 km the aspect sensi-
tivity begins to be less pronounced. Nevertheless,
this was a single study over one 24-hour period at
one particular location, and it is important to deter-
mine whether this was a unique event or whether it
is a common feature at other sites, too. Only the
more powerful MST radars can obtain useful ech-
oes from above 20-km altitude, such as the SOUSY
radar in West Germany and the middle and upper
atmosphere (MU) radar in Japan, and so the study
has been repeated with the MU radar. We have
concentrated on the region above 15 km, and this
therefore complements the earlier work by Tsuda et
al. [1986], which studied aspect sensitivity with the
MU radar up to a maximum of about 15-km altitude.

The purpose of this paper is to report on the
results of this study. Several different methods have
been used to determine the width of the polar
diagram of backscatter of the scatterers, and the
results of these studies and their ramifications for
the small-scale dynamics of the atmosphere will be
discussed in this work.
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2. EXPERIMENT

The MU radar near Kyoto in Japan is a versatile
system operating at a frequency of 46.5 MHz. It has
fast flexible beam steering, and it is possible to use
all or subsets of the Yagi’s of the main array to form
a radar beam. It also features high-power and good
side lobe suppression. The main beam formed when
using the whole array for both transmission and
reception has a half-power half-width of 1.2°. More
specific details have been described by Fukao et al.
119854, b].

Two separate sets of experiments were per-
formed, the first on October 17-18, 1988 and the
second on the night of December 23-24, 1988. Two
distinctly different beam coafigurations and sam-
pling strategies were used on these two occasions,

In the October experiment, eight beams were
used with the configuration shown in Figure la. The
tilt angles and azimuths were chosen so that the
sampling volumes at a constant height produced a
rectangular grid in the sky, as shown in Figure 15.
The beams were sampled on successive pulses,
with the beams being sequenced in an 8-point cycle.
Coherent integration over 16 points was performed
giving an effective sampling time of 0.1638 s be-
tween successive points at any one height on any
one beam. A 16 bit coded pulse was used to give
600-m resolution, and echoes were sampled at
ranges between 7.95 and 26.55 km at 600 m inter-
vals, giving 32 range samples in all. Data sets of 256
points were obtained between 2045 on October 17
and 0947 on October 18, each set having a duration
of 42 5. A 3-s gap then followed while data transfer
took place, and then the next set of 256 points was
collected. Only data collected between 2045 on
October 17 and 0125 on October 18 will be dis-
cussed here.

In the second experiment (December 23-24,
1988), eight beams were again used, but this time
seven of the beams were in the east-west vertical
plane. Again, a 600-m pulse resolution was used,
but this time echoes were sampled at ranges be-
tween 13.95 and 32,55 km at 600 m intervals, again
giving 32 ranges. Beam 1 was vertical, beam 2 was
pointed 10° off-vertical to the north, and beams 3-8
were pointed at varying angles toward the east;
namely at angles of 4°, 8°, 12°, 16°, 20°, and 28° from
vertical. In this case the sampling sequence was
entirely different to the October case; rather than
cycle between beams on successive pulses, a com-
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Fig. 1. (a) Artist’s perception of the arrangement of the eight
polar diagrams used in the experiment of October 17-18, 1988.
The beams were chosen to form a rectangular grid at any height
in the sky. The tilt angles have been exaggerated in this diagram,
and as 2 consequence, the ranges at fixed height show greater
variation as a function of beam number than was really the case.
() Plan view of the regions of the sky covered by the radar ata
single height. The beam configuration for the experiment of
December 23-24, 1988 used one vertical beam (beam 1), one
beam pointed 10° off-vertical toward the north (beam 2), and
beams 3 to 8 were all pointed eastward at angles from the zenith
of 4°, 8°, 12°, 16°, 20°, and 28°, respectively.

plete data set of data points was collected on one
beam for 42 s, and then the beam was reconfigured
to the next orientation and the next data set col-
lected. This procedure allowed more coherent inte-
grations per sampling interval, thereby (in principle)
improving the signal-to-noise ratio. In fact, 64 co-
herent integrations were used per point, and 512
points were collected per data set. This time the
effective sampling interval was 0.082 s, or one half
of that used in October. This shorter interval was
used in order to help avoid the spectral aliasing
anticipated on the beams which were 20° and 28°
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off-vertical. Data were collected between 2200 on
December 23 and 1030 on December 24, and all
these data will be analyzed here.

For logistic reasons the cycling process used for
the December data was relatively slow, and the
total number of data sets collected was a good deal
Iess than for the October data. The improvement in
signal-to-noise was useful for determining, say, the
spectra, but in fact for absolute power measure-
ments the October data were superior because
incoherent averaging of the overall means produced
a marginally better signal-to-noise ratio, as will be
seen later. Nevertheless, each data set served its
purpose well.

3. METHOD OF ANALYSIS

3.1. Theory

We begin by assuming that the scatterers at any
particular height have a backscatter polar diagram
of the type exp {— 62/6 2}, where this represents the
mean (normalized) backscattered power expected
(after compensation for the differing ranges of the
scatterers at different zenith angles) as a function of
tilt angle for a radar beam with small half-power
half-width, & being the tilt angle of the beam. The
parameter 8, describes the degree of aspect sensi-
tivity; it may be height dependent. A truly “‘specu-
lar’” reflector would have @, approaching {°, while
isotropic scatterers would produce #; approaching
infinity (in practice, any value in excess of about 20°
can be regarded as almost isotropic). Such a polar
diagram would result if the scatterers were oblate
spheroids with a Gaussian increase (or decrease) in
refractive index from the edge toward the center
[e.g., Briggs and Vincent, 1973; Hocking, 1987].
That is, for such a model the refractive index
perturbation in a single scatterer would be propor-
tional to

exp {~x¥L* — yYL? — z%K?) )]

where x, y, and z describe a cartesian coordinate
system with z vertical. Equivalently, the autocorre-
lation function of the refractive index fluctuations
would be equal to

exp {—{2RL2 = 2L - Lk @)

where {,, {,, and {, are lags in the x, y, and z
directions, respectively. In fact, even if the scatter-
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ers are not ellipsoids, the autocorrelation function
can still satisfy (2), and indeed at this stage, we shall
make no assumption about the nature of the scat-
tering process and regard this description merely as
a parameterization. We are not necessarily rejecting
“specular reflectors,’” for example, since these are
covered by the case 8, tending to 0°. The main
advantage of this procedure is that it provides a
parameterization which allows quantitative com-
parisons of the different degrees of “‘aspect sensi-
tivity”’ and which can at least be related to a
mathematical model of the refractive index fuctu-
ations, something which has been lacking in some
earlier more qualitative comparisons.

If one adopts this polar diagram of backscatter,
then it can be shown [Hocking er al., 1986; Hock-
ing, 1989] that the power P(#y) received on an
off-vertical beam relative to that on a vertical beam
P(0°) (where 8y is the bore-tilt angle) is

(B~ 00 0Z]) A*
pi-| L+ = 0
{ 8 o) 4

Here it has been assumed that the radar polar
diagram has a shape of the type exp {—6%/63}. The
height of the scattering layer is given by &, and rris
the range to the scattering layer on the off-vertical
beam. In practice, the term /*/r# is not too different
from 1.0, at least with respect to the other terms,
and will be ignored for angles less than about 10°.
The parameter 84 is the effective tilt angle of the

P(6y)
POy °©

" beam; it is related to 6y and @, through the relation

[e.g., Hocking, 1989]
sin 8= sin 07[1 + 63/62]
Turning (3) around, 8, can be calculated as

)_0F_ .

;= ® a5 (4)
where R = In {P(0)/P(#7)}. It should also be noted
that (3) corrects an error made by Hocking et al.
[1986]. Thus measurements of power as a function
of the tilt angle of the radar beam can be used to
determine 6.

A second approach is to measure the radial
velocities with off-vertical beams, and then com-
pare them as a function of angle. For backscatter
polar diagrams as described above and a tilt angle of
8 from vertical the measured radial velocity will be
R, times less than the radial velocity which would
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have been measured if the scatter had been isotro-
pic, where [Hocking et al., 1986; Hocking, 1989]

92 -1

]

Rl = I:i + —2] (5)
85

Measurements of R, therefore allow additional de-
terminations of #,. If only one type of scatterer
exists, Ry will be the same at all tilt angles of the
beam; but if there are several types of scatterers
with different aspect-ratios, ¢, and R; will be
functions of 87 since different scatterer shapes will
make the dominant contributions to the backscat-
tered signal at different tilt angles. Scatterers with
the largest aspect-ratios will dominate scatter from
overhead, while isotropic scatterers will become
more important at larger angles form the vertical.

A third analysis method which allows determina-
tion of @, involves examination of the spectral
widths of the returned signal. If the contribution
due to turbulence is negligible, as is often the case
at VHF in the stratosphere [e.g., Hocking, 1986;
Woodman and Chu, 1989], then the experimental
spectral width will be determined by the horizontal
wind speed, the polar diagram of backscatter, and
the polar diagram of the radar. For a vertical
pointing beam (or indeed an off-vertical beam with-
out wind shear and for which there are no substan-
tial variations in the horizontal velocity during the
data collection period) the spectral width for isotro-
pic scatter is

2
fire = T 6 112(8) Vhoriz (6)

where @y is the half-power half-width of the
effective radar beam (in this case the two-way beam
haif-width) and V4,44 is the horizontal wind magni-
tude (both horizontal components included). The
half-power half-width 8y, is related to the e
half-width 6; used previously through the relation
Bamp = 6o(n 2) U2 If the scatterers themselves
have a polar diagram of the type exp {~6%/62}, then
the measured spectral width will be smaller than the
value given by (6); in fact it will be R, times this
where

R2=

(2) =172
I+ 7
4 .

This formula assumes that the fluctuating motions
of the scatterers do not significantly broaden the

spectrum; if there is significant turbulence, the ratio
may increase and even be greater than 1.0. {In that
case measurements of R, do not allow 8, to be
determined although upper limits of 8, are possi-
ble.) Hence by measuring the horizontal winds and
the spectral widths it is possible to determine R,
and so make a third estimate of 8,. As will be seen,
the method is not very satisfactory for off-vertical
beams due to wind shears and horizontal fluctuating
motions but works well with vertical beams.

All three methods are used in this paper. One
further advantage of this #; approach is that it
allows direct determinations of the length-to-depth
ratio of the scatterers [e.g., Hocking, 1987; Hocking
et al., 1989]. The relevant expression is

(LR = {(A%h) 8=? sin? 6,)7" + 1} ®)

where L is the 1/e hali-length of the scatterer and A
is its l/e half-depth, and we have again assumed
ellipsoidal scatterers with Gaussian variations in
refractive index as described in (1). The radar
wavelength is denoted by A. As shown by Briggs
and Vincent {1973], scatterers may have a range of
values of # which are capable of producing back-
scatter, but these A values are concentrated in a
narrow range centered around about 0.2A. Thus
there is a range of (I, 4) pairs which are capable of
causing the same values of 8, but the range is not
too broad. In fact, for small values of 8, (less than
about 10°), (8) can be fairly accurately written as

[L/h] = {(A/h) 8?2 sin 6,) "1} 9)

or
L= Al (824 sin 6,) (10a)
L=0.11 Alsin 6, (10b)

Thus for such small angles, 8, gives a direct
measure of the horizontal 1/e half-length of the
scatterers. Perhaps more importantly, it gives a
measure of the horizontal correlation length of the
refractive index fluctuations, and this is valid even
without any assumptions about the shapes of the
scatterers. If L is the 1/e haif-width, the refractive
index deviation from that of the surrounding envi-
ronment falls to one half its maximum at L(ln 2) I 2,
and the autocorrelation function of the scatterer has
a width 212 times this. Thus the horizontal correla-
tion length is given by
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¢ xo0.5=0.13 Alsin 6, =~ 0.13 A/8, (1ta)
if 8, is expressed in radians, or if 8, is expressed in
degrees then

¢ xpsfA =7.6/0, (115)

The above theory is based on the assumption of
Fraunhofer (far-field) scatter. Doviak and Zrnic
[1984] have considered the more general Fresnel
case which arises for large values of L, but they
concluded that this theory is only necessary for
values of L in excess of 100 m for 50-MHz studies
(i.e., 8, less than about 0.5%, and we will see that
this condition is rarely met in these studies, For
lesser values of L the treatment above and the more
exact treatment are almost identical. For example,
if we use the example discussed by Doviak and
Zrnic in their paper, a value for {yg5 of 27 m is
obtained using the above treatment, and L = 23 m.
Doviak and Zrnic [1984, p. 331] obtained a value for
their parameter ““{,” of 20 m. However, their
parameter ““{,”" is the same as *‘L”" here, as can be
seen by the expression used to describe the auto-
correlation function in the work by Doviak and
Zrnic [1984]. Thus their value of 20 m and the value
given above of 23 m are in fairly good agreement,
showing the similarity of the respective treatments.
However, (11a) and (115) are much simpler expres-
sions than those by Doviak and Zrnic {1984] for
determination of L, and {g 5.

It should be noted at this point that the horizontal
correlation lengths deduced above may not be the
same vaiues as would be determined if one were to
fly a refractometer horizontally through the region
because the radar measurements are only sensitive
to vertical Fourier scales of one half of the radar
wavelength. On the other hand, a refractometer
would measure fluctuations caused by the full range
of vertical Fourier scales. L is therefore a measure
of the length of those scattering irregularities which
backscatter the radar signals, or in other words,
those scatterers with vertical extents of about one
haif of a radar wavelength (or more precisely, those
scatterers with 2 = 0.2 A if we adopt the description
(1) for the shapes of the scatterers).

It is interesting to note the similarity between the
autocorrelation function of the scatterers described
above and the spatial correlation function of the
electric field across the ground which after removal
of the effects of the transmitter and receiver polar
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diagrams has a half-value half-width of 15.0/4,
wavelengths [e.g., Hocking et al., 1989]. Apart
from a numerical factor describing the width and a
point-source effect which applies in the case of the
diffraction pattern on the ground [e.g., Rarcliffe,
1956, p. 2621, the two autocorrelation functions are
the same, and this has in fact been shown for weak
phase screens in more detail by Booker et al. [1950]
and has been further discussed by Briggs [1961].
Thus measurement of the spatial antocorrelation
function across the ground provides yet another
way to measure L and ¢, and while not used in this
paper should be borne in mind as another poten-
tially useful technique.

3.2. Determination of 8, by measurements
of powers

In order to satisfactorily measure 8, using (4) it is
of course necessary to first remove the noise. In
order to do this it is important to know just how well
behaved the noise is. Figure 2q shows the time
variation of the mean power (using 42-s means) as a
function of time at a range of 24.2 km for the
October data. At this range, most of the power is
due to noise, but there is some signal at 0000-0030
hour on the vertical beam. There are, however,
some large spikes in the data, and these were due to
the occurrence of aircraft. This particular height
was the one most affected by these. Clearly, such
spikes must be removed if the analysis is to be
properly performed, and Figure 2b shows the vari-
ation in power at a range of 26.5 km, the highest
range recorded, after the removal of such spikes.
The received power is all due to noise at this range,
and furthermore, the mean noise fluctuations are
very well behaved. The noise levels on all beams
are very similar and show similar levels of fluctua-
tion.

Figure 3 shows a typical histogram of the fre-
quency of occurrence of particular noise levels as a
function of the noise level. Noise-level histograms
for the other beams showed similar distributions,
with the mean power level varying generally by less
than about 30% from the value shown in Figure 3.
The standard deviations o of the noise distributions
were typically 0.15 X 1077, and the distributions
were close to Gaussian in shape. This shape is
important, because it allows us to apply standard
statistical theory. It means, for example, that we
can be confident that any measured mean power
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(a) Mean power as a function of time on the 8 beams at range 28 (24.15 km) for the October 17-18

data. The effect of aircraft can clearly be seen as the large spikes. (b) After removal of data contaminated by
aireraft the signal shows no such dramatic variations, and the mean values are much more predictable. This
figure shows the power (42 5 means as a function of time at range 32 (26.55 kmy)). In this case, all the observed

power is due to noise.

produced by averaging N such 42 s means will have
a 95% probability of being within 1.960/V'N of the
true mean. It is this well-behaved nature of the
noise which makes the following analysis possible,
and it is because of this that we have spent a little
time studying the noise characteristics.

In subsequent analyses the noise was always
subtracted from the received power, to give an
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Fig. 3. Typical histogram of frequency of occurrence of vari-
ous levels of noise.

estimate of the true signal. The standard error in
any such measurement can be taken as o*!\/ﬁ, N
being the number of points used to form the mean
power in the first place. If the signal was less than
about 7 times this standard error, the data were
rejected. This represents a high level of confidence,
even though the signal may have been much less
than the mean noise level itself. The measured
power will be accurate to within 1.960/V/N of the
true power for 95% of the data. In the worst case,
for which the signal only just exceed 7 times the
standard error, the error in these 95% of cases will
be less than +/—1.5 dB (i.e., 10.0 log [7/(7 — 1.96)]).
The measured power will be accurate to within
30/V/N for 99.75% of the data.

Figure 4 shows typical height profiles of the 6 min
means of the powers for beams 1 and 2 as a function
of time for the October data. The existence of
well-defined layering is clear, and the layers have
lifetimes in excess of 2-3 hours in many cases.
Figure 5 shows the mean powers averaged over the
first 2 hours of data, and arranged in such a manner
that the positions of the profiles indicate the regions
of the sky from which each profile was obtained.
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Fig. 4. Successive mean power profiles on beams 1 and 2,
Each profile corresponds to an average over 8 X 45 s (or about 6
min}., (Note that in this and all subsequent diagrams, the range
has been converted to height.)

The profile on the vertical beam is also shown as a
reference in each case. Note that the vertical coor-
dinate is height, not range. Layering is clearly
evident and the diagram shows well that horizontal
layers extend over several km horizontally in the
atmosphere.

Figure 6 shows mean profiles averaged over the
whole observing periods for both the October and
December data, and Figure 7 shows the ratio of
power on each beam relative to that on the vertical
beam at each height. The error treatment discussed
above may be developed further to show that the
errors in the aspect-ratios will be less than 1.5 dB at
the greatest heights for each beam, and will fall to
less than 0.5 dB within about 1.2 km of the top of
the profile. It will be even smaller at lower heights.
Most of the error will arise from the errors in power
on the beam with the weakest signal; because the
vertical beam power is always 5-10 dB greater than
the power on the off-vertical beams, its relative
error will be small, In the October case there is
clear clustering into three distinct classes; the ver-
tical beam, beams with tilts of 5°-7°, and beams
with tilts in excess of 15°.

Assuming backscatter polar diagrams of the type
exp {—6%/6?7}, Figure 8 shows values of 0, as a

619

function of height. For the October data, two dis-
tinct classes appear; the beams closer to vertical
show evidence for stronger aspect sensitivity than
the beams tilted further off-vertical. The fact that 8,
is not the same on all beams may be interpreted as
evidence that there are at least two types of scat-
terer, with the more aspect sensitive scatterers
dominant overhead, and some more isotropic ones
being important at larger angles. Indeed one might
speculate that a continuum of scatterer shapes,
ranging from moderately aspect-sensitive to almost
isotropic, might exist. Such a model has been
proposed independently by Hocking et al. [1984]
(also see Hocking [1989]) and Woodman and Chu
[1989], where they proposed that anisotropic scat-
terers exist near the top and bottom of turbulent
layers and more isotropic ones dominate near the
centre. There are also alternative models, and one
of these will be discussed in more detail later.
Although there are insufficient data in the Qctober
data to confirm it, one might suspect that the polar
diagram of backscatter probably tends to flatten out
at large values of tilt angle, as iltustrated schemat-
ically on Figure 9a. To examine this issue in more
detail, Figure 96 shows the variation of power as a
function of beam tilt-angle and altitude for the
December data. At many heights the power falls off
relatively rapidly at tilt angles between 0° and 8° and
then it does indeed flatten off at the larger angles.
Similar trends have been noted by Roetiger et al.
[1981], Doviak and Zrnic [1984], and Tsuda et al.
{1986]. Note that for the data shown on Figure 95,
the powers at the lowest siX ranges and angles of 20°
and 28° tilt are underestimates of the true power by
about 2-3 dB, due to the effects of aliasing. (The
filter function associated with coherent integration
falls off quite quickly beyond the aliasing fre-
quency, for example, Schmidr et al. [1979].)
Probably one of the more important results in this
work is the evidence, seen in Figures 7 and 8, that
the aspect sensitivity is strongest at 15- to 18-km
altitude, and above that height there is a return to
more isotropic scatter. At 15-18 km, 8, becomes as
small as 3°, Above and below, the minimum values
of 8, are more like 4°. Values for 8, of 3°4° imply
scatterer hali-lengths of 10-14 m, or scatterers with
length to depth ratios of about 810 (since the
optimum scale for % is 0.2 A}. This represents a
fairly strong degree of anisotropy. Nevertheless,
one might not consider such values as excessive,
and anisotropic turbulence with such ratios could



620

MU RADAR
2045-2240, OCT 17, 1988,

{50/

M L
=] =1

Altitude {km)
3

4 km
at 15 km
oititude

{off-vertical,

HOCKING ET AL.: ASPECT SENSITIVITY OF STRATOSPHERIC SCATTERERS

azimuth)

Fig. 5. Profiles of the mean power as 2 function of height, averaged over about the first 2 hours of data. The
various profiles have been located in such a way as to indicate the relative horizontal displacements of the
volumes of atmosphere from which they were sampled. In each case the profile for beam 1 (vertical beam) is
shown as a reference (dotted ling). The presence of layering is shown on all beams, and in many cases the peaks
in power occur at the same heights on all beams. This illustrates that these layers have horizontal extents of at

least several kilometers.

probably exist, as proposed, for example, by Crane
[1980], Doviak and Zrnic [1984], and Woodman and
Chu [1989]. For &, values of 2° and less the length to
depth ratio is 16 and more. The mean value of 6 at
15-18 km is around 3°, but some of the individual
values contributing to this mean must have been
even less. Thus although anisotropic turbulence can
explain at least some of the observations presented
so far, there is still room for doubt about it being the
only cause; length-to-depth ratios of 20 or so might
be hard to produce by turbulence alone. This issue
will be addressed again in due course.

Another point worth noting is that the failoff in
power as a function of angle between 0° and 8° is
close to exponential {linear in decibels), rather than
Gaussian (parabolic in decibels) and then tends to

flatten off. This exponential decrease could be in-
terpreted as the sum of the effects of many different
scatterers with varying aspect ratios, but it might
suggest that another model is more appropriate.
We must also be careful about our interpretation
concerning the return to greater isotropy at greater
heights. Because the signal-to-noise ratio was low
at these heights, care must be taken to ensure that
the effect is real. For example, if ground echoes are
important, these might tend to be picked up equally
on all beams (on average). Therefore sample time
series of the (complex) amplitude were studied in
detail. It was clear that over time intervals of 42 s
the ground echoes did not fade but produced a
constant offset. This is consistent with observations
reported in earlier works [e.g., Roettger et al.,
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Fig. 6. Mean power as a function of height averaged over all
available (aircraft free) data, for (¢) October 17-18 {from 2045
Getober 17 to 0125 October 18) and (b) December 23-24 (from
2200, December 23 to 1030 December 24). Note the tendency for
three distinct *‘clusters” of profiles in the October 17-18 case.

1981], although it is in contrast to the effect of
ground echoes at UHF [e.g., Sato and Woodman,
1982a]. In calculating the mean scattered power
this mean level was always removed first, so it is
felt that ground echoes have been properly re-
moved. It is also worth noting that the MU radar
has very good side lobe suppression (better than 30
dB), which also helps to eliminate ground echoes.

Nevertheless, it is a worthwhile exercise to de-
termine &; by other methods which do not depend
on the absolute backscattered power. Two such
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Fig. 7. Ratios of mean power on the indicated beams relative
to the power on the vertical beam at the same heights for (a)
October 17-18 and (b) December 23-24.

methods and the subsequent results produced from
using them are now described.

3.3.

As discussed in relation to (5), measurements of
“horizontal” wind components by using tilted
beams and assuming that the beam is tilted along
the bore direction of the beam will be underes-
timates of the true horizontal velocity due to the
effects of the aspect-sensitive scatter. Thus mea-
surements of the ““horizontal” velocity as a func-

Determination of 6; by wind measurements
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Fig. 8. Assuming that the scatterers have backscaiter polar
diagrarms of the type exp {—6%/62}, the profiles in Figure 7 have
been used to deduce ;. (g) Shows the 9, values for October
17-18, and () shows the values for December 23-24. Horizontal
correlation lengths are also shown. The tendency to cluster in
distinct classes, especially for the October data, is clear and is
discussed in the text.

tion of beam tilt angle can be used to determine 6,.
Assuming that the beams with the largest tilt from
the zenith give the ‘‘true’” horizontal winds, then
these beams may be used as a reference. This is
valid becanse we have already seen that at larger
angles more isotropic scatterers seem to contribute
most of the backscattered power. By then comput-
ing the ratio of the ‘‘horizontal’’ wind components
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Power {(dB)
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Fig. 9. (a) The variation in 8, as a function of angle which
was shown in the Figure 8 suggests a flattening of the power as
a function of increasing angle at larger values of 8, as indicated
schematically in this diagram. This is confirmed in (b), where the
tendency for power to fall most steeply as a function of angle at
the smallest 8 is clear. Note that not all profiles for all heights
have been plotted to avoid the confusion introduced by too many
profiles. Also note that at some heights, the fall off in powerasa
function of angle seems almost exponential out to about 8°-12°
(i.e., linear in decibels), rather than Gaussian (parabolic in
decibels}.

to the true values for all beams it is possible, at least
in principle, to determine 6.

Figure 10 shows the horizontal winds in the
various beams deduced by assuming that the beam
is pointed along the bore direction. Clearly, all
eastward beams show good agreement, especially
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Fig. 10. Mean horizontal wind components in the azimuthal
direction of the beam orientation for (a) October 17-18 and ()
December 23-24. In each case the wind has been calculated
assuming isotropic scatter, so the effective pointing angle of the
beam has been assumed to be the actual bore angle. For the
vertical beam the actual radial (vertical) velocity is shown.

in the December case. The northward beam show
good agreement (beams 2 and 3 in the October case)
at most heights, although there is a clear discrep-
ancy at 10-14 km in the Qctober data This is
probably a geophysical effect, presumably due to a
feature like a lee wave.

Figure 11 shows the ratio of the horizontal wind
components relative to the “‘true’’ values where the
true values were deduced using beams 3 (north) and
7 (east) for the October data and beams 2 (north)
and 8 (east) for the December data. There is large
scatter, and most of the values scatter about a ratio
of 1.0. More importantly, in no case is there any
strong indication of 6, values as small as 2°. This is
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Fig. 11. 8, values deduced from comparisons of the “hori-

zontal” winds presented in Figure 10 for (&) October 17-18 and
(b) December 23-24. Note that beam 2 for the October case has
not been plotted, since it was different from the other northward
beam at 10~14 km due to reasons which seemed to be geophys-
ical,

further confirmation that there is a range of scat-
terer aspect ratios, and the off-vertical beams with
largest tilts *‘see’’ more isotropic scatterers. R is
also relatively insensitive to 67 for 6, values in
excess of 3°4° for the MU radar. Most of the
observed fluctuations were therefore probably real
geophysical fluctuations, and this is true even for
beam tilts as small as 5°-7°. The fact that geophys-
ical variations are more important than effects due
to 8, is encouraging for meteorological experiments
which might be designed to look for spatial varia-
tions in wind strength with such a radar.

It is also noteworthy that these results are con-
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Fig. 12. FPading time 75, as a function of height for October
17-18, averaged over the whole observing period.

sistent with Tsuda et al. [1986], where it can be seen
that at tilt angles greater than 6°, the various esti-
mates of the horizontal velocity agree to within
about 3%. Conversion of the ratios in Tsuda et al.
[1986, Figures 13 and 14] to values of 6, gives
values in excess of 6° for tilt angles greater than 5°
from zenith.

3.4, Determination of 8, by fading times

The third way in which estimates of 8, can be
made is to make use of the spectral widths. If the
spectral broadening due to the horizontal motion of
the scatterers through the beam is the main cause of
the observed spectral width and exceeds the spec-
tral broadening due to the fluctuating motions of the
scatterers (as is often the case, especially in the
stratosphere, for example, Hocking [1983a, 1986]
and Woodman and Chu [1989)) then the observed
spectral widths may be used to deduce R, in (7) and
this, in turn, will allow estimates of 6, to be made.
For vertical beams this should work well if turbu-
lence is weak and at least produce upper limits for
8. For off-vertical beams, other effects like fine-
scale wind shears [e.g., Safo and Woodman, 1982 5]
and horizontal fluctuating motions [e.g., Hocking,
1983; Hocking, 1988, Appendix A] will produce
extra broadening which may be important.

The spectral width has been determined as 0.22/
T0.5, To.5 being the time lag for the autocorrelation
function to fall to one half its zero-lag (noise re-
moved) value. This formula has proved adequate in
the past as a measure of the spectral half-power
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half-width [e.g., Hocking, 1986] and arises simply
because the autocorrelation and power spectrum
are Fourier transforms and are both often Gaussian
in shape.

Plots of mean fading times as a function of height
are shown in Figure 12 for the October data,
Clearly, the fading time does depend on beam
pointing angie, suggesting that fine-scale wind
shears and horizontal motions are important as
contributors to the spectrai width. Values of R, can
be deduced from these fading times provided the
mean wind speeds are known. Figure 13 shows the
resulting values for R, determined by adopting the
horizontal wind values deduced using the beams
with the largest tilts. Note that on all off-vertical
beams the value of R, generally is around 1.0 or
exceeds it. But for the vertical beam, the profile
shows 8, values as low as 1.5°-2°, with a minimum
at 15- to 18-km altitude and an increase above, Thus
the method is very sensitive to the scatter from
around the vertical or in another words, the scat-
terers with the largest aspect-ratio. The fact that the
values of @, are somewhat smaller than those
deduced by the power-method highlights this and
shows that there are indeed some scatterers which

MU RADAR
30- 30
3 oCT 17-18 b pec 23-24
§ 201 =
Q é"
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cxa_ls fm.'l e 3 ng.s fm}
50 2510 50 25 10
0 - ‘ 0 - .
00  Ratio 1.0 00 Ratio 10
1 2%10° 1 2°10°
85 65

Fig. 13. 8, values deduced by comparing the spectral width:
(determined from the fading times) to the spectral width ex
pected due to the beam-broadening which would have beel
produced by isotropic scatterers. (a) Shows the October data an
(b) the December data. Only a few beams are shown; while th
measurements are very reliable when using the vertical beams
the effects of fine-scale (unresolved) wind shears and horizonte
fluctuating motions produce significant extra broadening for th
off-vertical beams and render the determinations less useful.
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are highly anisotropic with horizontal correlation
Iengths in excess of 35 m. If one adopts the picture
that the scatter is due to elongated structures with
ellipsoidal correlation functions of the type de-
scribed by (2), then this means length-to-depth
ratios will be in excess of 20. The picture of a
continunm of scatterer shapes ranging from such
anisotropic structures to almost isotropic scatterers
is reinforced, and clearly, the different techniques
which we have adopted are sensitive to different
classes of scatterer. Of course, this model of turbu-
Ient scatterers is not the only which might describe
the scatterers, but it is one which has been com-
monly used in the literature, Another will be dis-
cussed shortly.

In support of the above conclusions it is also
worth recalling that Tsuda et al. [1986] examined
individual spectra recorded with the MU radar, and
for tilt angles of 2°-4° at 13-km altitude the spectra
showed relatively sharp peaks near 0 Hz (Tsuda et
al., 1986, Figure 11). This is further support for the
model of highly anisotropic scatterers embedded in
more isotropic scatterers.

The return to greater isotropy at greater heights
only occurs at one or two of the uppermost heights,
and it is important to check whether this is real.
Because the horizontal winds used to produce Fig-
ure 13 were measured with beams with the largest
tilt, the signal-to-noise ratio fell to unacceptable
values at lower heights than for beams near-ver-
tical. Therefore R, has been recalculated using
horizontal winds determined from beams with tilts
nearer vertical. We have already seen that these
winds are as reliable as those determined using the
beams with larger tilts (Figures 10 and 11). The
results of these additional calculations are shown in
Figure 13 for the vertical beam for the October data
as the broken line. The same trends are evident as
for the solid line, but the data are extended by
several height steps and the return to isotropy at the
upper heights is clearer.

4. DISCUSSION

The results presented so far have shown that if
the scatterers are modeled as perturbations of re-
fractive index with Gaussian cross sections and
with elliptical contours of constant refractive index
(as described in (1)), then there is not one common
length-to-depth ratio for the scatterers but rather a
continuum of shapes. Beams tilted at different an-

625

gles are sensitive to different scatterers. Such a
model could explain some of the features described,
and Hocking et al. [1984], Hocking (1985, p. 1418;
Hocking, 1989] and Woodman and Chu [1989] have
proposed that turbulent layers contain such a range
of shapes, with the more anisotropic scatterers
occurring niear the top and bottom of the turbulent
layers. Modeling work due to Peltier et al. [1978]
and Klaassen and Peltier [1985] has also shown that
such a picture may be realistic, since they noted
very stable regions at the tops and bottoms of the
layers which they generated in their models. It is
probable that this situation applies at least in some
instances.

Nevertheless, there are some points about the
observations which might suggest that, at least on
some occasions, such a model does not apply.
Firstly, the fall off in power as a function of angle at
small angles (less than say 8°) does not always seem
to be Gaussian but is often exponential. Secondly,
at some heights, and in particular at 15- to 18-km
altitude, the horizontal correlation length based on
averages performed using several hours of data can
be in excess of 30 m. Presumably, it can be even
more for short periods of time. This represents a
length-to-depth ratio for the scatterers in excess of
20, and in such cases we must ask whether turbu-
lence is capable of producing and maintaining such
anisotropic structures. Indeed, data were examined
at time scales of a few minutes, and the existence of
scatterers with lifetimes of about 5 min and fading
times in excess of 10-20 s at 15-18 km were found.
This represents a value for 8; of less than 1° and a
correlation half-length of over 60 m. These results
will be discussed in more detail in a later paper.
However, the result certainly does suggest that we
must also look at other models.

One model which may be important is the pro-
posal that the scaitering structures are not in fact
always turbulent eddies but can be waves in the
atmosphere. Hires [1960] and Vanzandt and Vin-
cent [1983] have proposed that a spectram of small-
scale gravity waves may cause some of the scatter,
and more recently Klostermeyer {1989] has noted
that such small-scale buoyancy waves are produced
when larger scale waves *“*break down’’ by nonlin-
ear processes. It is not our intention to comment
more about this model in this paper, but it will be
discussed in a later paper. Suffice it to say that the
model of turbulent scatter does not always apply,
and we have already seen some evidence for this in
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the form of very large aspect-ratios for the scatter-
ers.

Regardless of the cause of the aspect-sensitivity
of the scatterers the return to near-isotropy at
greater heights above 18 km is no doubt important
for the dynamics of the atmosphere. For example, it
might be an indicator that buoyancy waves are
beginning to ‘‘saturate’’ even at these low heights in
the atmosphere, and if this is so it may mean that
there is a transfer of momentum from the waves to
the mean flow even at 20 km. A considerable
amount of extra work is needed in order to deter-
mine just what this change in aspect-ratio means for
the atmosphere but it cannot be ignored and will
have at least some implications for the dynamics of
the atmosphere. It is also worth noting that the
turbulent diffusion coefficient in the atmosphere has
a local minimum at 15~18 km [e.g., Chakrabarty et
al., 1987, Figure 5], and since the levels of turbu-
lence are wealkest there, it may allow a greater
degree of stability and therefore allow more aniso-
tropic scatterers to be stable.

5. CONCLUSIONS

It has been shown in this work that aspect sensi-
tivity of VHF radio wave backscatter is strongest at
15- to 18-km altitude, where the effective backscat-
ter polar diagram of the most anisotropic scaiterers
can have a l/e half-width of less than 2°. This
corresponds to horizontal correlation lengths of the
refractive index fluctuations in excess of 25-30 m.
(Note that this value refers only to the horizontal
correlation length of the radar scatterers, i.e., those
irregularities with vertical extents of the order of
one half of a radar wavelength. The horizontal
correlation lengths for scatterers of other vertical
extents will be different.) Equally important, at any
one height there is not one scatterer shape but
rather a range of length-to-depth ratios exists, and
the radar selects different scatterers preferentially
depending on its tilt direction. Beams tilted at
angles greater than about 10° detect almost isotropic
scatter. At aititudes above 18 km the scatterers are
more isotropic than below, with horizontal correla-
tion lengths of typically less than 15 m. This return
to isotropy suggests that buoyancy waves may be
beginning to saturate significantly at heights of
around 20 km, thereby generating turbulence and
reducing stability. The above results have been
obtained from studies of the backscattered power as
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a function of tilt angle, as well as studies of the
radial velocities measured with the radar and the
spectral widths relative to beam broadening. Al-
though some of the data may be consistent with
anisotropic turbulence, the large horizontal correla-
tion lengths at 15-18 km suggest that there are also
other types of scatterers, perhaps in the form of
stratified steps or produced by buoyancy waves.
The exponential fall off of power as a function of
angle between 0° and about 10° is also noteworthy,
but it is yet to be determined just what this means in
terms of a physical model. In a later paper a
stronger case will be made for the existence, at least
on some occasions and at some heights, of ‘‘spec-
ular’’ reflectors which are not related to turbulence;
in this work we merely note that while some of the
scatter is probably due to anisotropic turbulence, it
does not seem that all the scatter is due to such
irregularities, and the occurrence of specular reflec-
tors cannot be ruled out.
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