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A finite range volume effect causes a systematic error in MST/ST radar wind measurement when a
thin turbulent layer ts simultaneously located in several adjacent range volumes. This error appears as
4 false vertical shear of horizontal wind or as a false temporal wind variation at some ranges even il the
ambient wind field is uniform with height and does not change at all. Also, because of this effect the
observed Doppler power spectrum becomes asymmetric, and a noticeable error is induced in esti-
mation of echo power, mean Doppler velocity, and spectral width. The present investigation will show
that these errors are well explained by a simple numerical model which is made to simulate an actual
observational situation. The observed wind velocity is more reliable at ranges where the echo intensity
is refatively larger compared with adjacent ranges. The finite range volume effect is negligibly small for
weak ambient wind velocities less than approximately 10 ms™! and/or for an antenna beam width less

than one degree.

I. INTRODUCTION

The MST/ST radars employ three or more beam
directions near the zenith which are not in a common
plane to infer the wind vector [e.g., Balsley and Gage,
1980; Rétrger, 1984]. If the radial velocities observed
by the oblique beams are accompanied by a small
amount of error, the horizontal wind estimation
leads to a considerable error. One of the errors ap-
pears due to the finite range volume effect when a
thin turbulent layer is simultaneously located in sev-
eral adjacent range volumes [Fukao er al, 1988]
{hereafter referred to as paper 1).

As schematically shown in Figure 1, the wind ve-
locity is observed to vary with height due to the finite
range volume effect, even if the ambient wind ficld is
uniform with height. The velocity is inferred to be
larger at the upper range 4 and smalier at the lower
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range C than the ambient wind velocity (which is
correctly measured at B). This is because the zenith
angle of the region from which the signal is effectively
scattered back to the radar becomes larger at A4 than
at B, while smaller at C than at B. Due to this effect,
a positive vertical shear of horizontal wind is induced
in a height range from A to C, even though the ambi-
ent wind field is uniform with height. The vertical
scale of this false shear is a few hundred meters ex-
tended over several range volumes.

The false positive wind shears are generally accom-
panied by counter shears or negative shears since
similar turbulent layers may exist above and/or
beiow the layer considered (paper 1), Therefore an
apparently wavelike oscillation with a small vertical
scale is induced in height profiles of horizontal wind
velocity as shown in Figure 15 of paper 1, This oscil-
lation is false and needs to be discriminated from
true wave oscillations.

Also, when the turbulent layer is displayed upward
or downward within a range volume, the effect leads
to a false temporal variation of wind, even if the
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Fig. 1. A schematic diagram showing the finite range volume effect. (left) Vertical cross section of range
volumes illuminated by the anterna beam of MST/ST radars {encircled by thick ling). The beam is assumed to be
tilted in a vertical plane parallei to the ambient horizontal wind u; f; is the zenith angle of the apex (chain line) of
the antenna beam with one-way half-power width of Ad. A thin horizontal turbulent layer indicated by shade is
assumed to be simultanecusly located at range volumes 4, B, and C. (right) Height profile of horizontal wind

velocity to be observed in the case shown on the left.

ambient wind field does not change at all. This veloc-
ity change appears only at a few ranges.

The finite range volume effect is discussed in paper
1 and May et al. [this issuc], based on the observa-
tional data obtained by the MU radar of Japan
[Fukao et al, 1985a, b]. The finite range voiume
effect seems to occur quite frequently in the real at-
mosphere, but discrimination of true wind change
from the false one is generally not easy in the ob-
served data since the magnitude of the error depends
on the unknown vertical distribution of turbulent
layers (paper 1). Therefore, a quantitative discussion
of this effect will be given in this paper based on a
simple numerical model which is made to simulate
the MST/ST radar observation. Distortion of Dop-
pler power spectra due to this effect will be con-
sidered first, followed by estimation of the false radial
shear of radial wind velocity.

2. NUMERICAL MODEL

2.1. Turbulent layer

In the Iﬂolar coordinates shown in Figure 2, height
h is expressed as follows:

I = |n(—tan 8, sin 6 cos ¢ + cos )| cos &, (4

A thin stratified turbulent layer located at k. is as-
sumed to have a backscatter cross section distri-
bution which is uniform with respect to the horizon-
tal direction, while the distribution is Gaussian with

g,

e,

"~

Fig. 2. Polar coordinate system used for the present numerical
model; g, is the zenith angle of the apex of the antenna beam
shown by the chain line (assumed here to be tilted in the yz plane),
while Ar is the range resolution. The ambient wind field u is
assumed to be in the yz plane, and ¢ is the angle from the yz
plane.
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half-power depth Ah in the vertical direction and has
the form

I=1I,exp [—(h — h 2 /(AR)/4 In 2] @)

where I, is the maximum backscatter cross section.

2.2. Antenna gain pattern

A one-dimensional antenna pattern with the same
one-way half power beam width (Ad) of 3.7° as that
of the MU radar antenna is considered. Irrespective
of the beam zenith angles, its main lobe pattern is
assumed to be as follows:

sin (n/@)07%-25

= Go[——'] (3
(n/@)8

where G, is the gain at the apex, and @ is the angle
to the first nulls (4.39°). It is shown in Figure 3 that
the numerical model is a good approximation to the
pattern along the north-south baseline of the MU
radar antenna in the range within the first nulls
[Fukao et al, 1985a]. Here, any contribution from
side lobes, which has been extensively discussed by
Watkins and Johnston [1985], is not taken into con-
sideration,

2.3.  Range weighting function

The range-weighting function is supposed to be a
raised cosine function, as follows:

W= Wo[cosAi(r—ROH 1]/2 | —Rq| < Ar
r ,

@

W =0 [r— Ryl > Ar :

where W, is the maximum receiver response, R, is
the distance to the center of the range volume, and
Ar is the range resoiution.

2.4. Total Doppler power spectrum

The ambient wind field is assumed to be uniform,
and no vertical wind is considered. Then, the radial
velocity u,, which is a projection of the ambient wind
u to the beam direction (0, ¢), becomes

u, = ulsin 6 cos ¢ cos 8, + cos 8 sin Bo) (5)
where the wind and beam are in the same plane. This
assumption still gives a general result for observa-
tions of the mean Doppler shift, which is the main
concern of the paper, but the spectral width and

shape will also be affected by wind component
normal to the beam. However, it will be shown for
this case that the finite range volume effect will have
important effects on both the spectral shape and
width,

Scattering from the turbulent layer is assumed to
give a Doppler power spectrum of Gaussian shape
with a half-power width of ¢. The power spectrum
has a mean Doppler shift v, and is given by

(ur - UD)Z
P=P D 6
oo | 5 ©
The above spectrum has a peak density of P, at
u, = vy . Therefore the total Doppler power spectral
shape observed by MST/ST radars S(vp) for a range
R, is given by the following equation:

2n PO
Svp) = j J
0 JO

Note that for complete profiles, the profile will in-
volve a convolution of the range weighting function
and the backscatter cross section [Hocking, 1983,
Hocking and Réttger, 1983]. This model assumes that
the wind is in the same plane as radar beam and
aithough the results concerning the mean Doppler
shift will still be general, the spectral width will be
affected by the transverse wind component [ Hocking,
1983].
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Fig. 3. One-dimensional antenna pattern used in the present -

numerical model, The pattern given by (3) is shown by thick line,
while the pattern along the north-south baseline of the MU radar
antenna is given by thin line. The first null points appear at a
zenith angle of 4.39°,
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Fig. 4. Doppler power spectra calculated at three adjacent range volumes at heights of 10.15 {chain line), 10.00
(solid line), and 9.85 km (broken line), respectively. A turbulent layer with Ak = 30 m and o = 0.5 ms™?! is supposed
to be located at 10.0 km. The ambient wind velocities are (4) 30 ms ™! and (b) 80 ms !, respectively. Note that the

abscissa scale of 4b is about 2 times larger than that of 4a.

3. RESULTS

3.1. Doppler power spectrum

Here it will be pointed out that a single thin turbu-
lent layer may possibly affect the echo power, mean
Doppler shift and spectral width observed not only
at a single range but also at adjacent ranges. Gener-
alized discussion based on the numerical simulation
for a wide range of parameters is not the purpose of
the present paper, and only the same situation as
principally discussed in paper 1 is considered here: a
turbulent layer is located in three consecutive range
volumes as shown in Figure 1. A single turbulent
layer with Ak = 30 m and ¢ = 0.5 ms~ ! is supposed
to be located at the center of the central range
volume B at a height of 10.0 km. The beam direction
(0,) is 10° from the zenith, while the range resolution
{Ar)is 150 m.

Figure 4 shows Doppler power spectra calculated

at the three adjacent range volumes A4, B and C,
respectively (see Figure 1); 4a is for the horizontal
velocity of 30 ms~*!, while 4b is for 80 ms~*. Com-
paring the two results the spectral width becomes
larger for larger horizontal velocity because of the
finite beam width. It should be noted that only the
spectrum calculated at B reflects the true wind veloc-
ity. The spectra at 4 and C lead to erroneous veloci-
ties although the ambient wind field is uniform with
height. : '

The spectral widths calculated at 4 and C are nar-
rower than those at B. Also, the spectral shapes at
other than the central range volume are mot sym-
metric with respect to their mean Doppler velocities,
but the shapes are enhanced on the side of the true

" velocity compared to the other side. The spectral dis-

tortion becomes smaller with increasing Ah, being

negligibly small for layers with Ak larger than Ar.
The spectral shape also varies when the turbulent

layer is shifted upward or downward. Figure 5 shows
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Fig. 5. Doppler power spectra calculated for the case that the layer center is shifted upward (positive) or
downward (negative) from the center of the range volume a distance +350, 100, £150, and 4200 m, respectively,
Qther parameters except for 1 = 30 ms ™! are the same as those in Figure 4.

the spectra calculated for the central range volume
when a turbulent layer with the same parameters as
above is shifted upward or downward a distance of
50, 100, 150, and 200 m, respectively. The horizontal
velocity is assumed to be 30 ms~*. The inferred
(radial) velocity differs by nearly 2.5 ms™*, or about
half of the true radial velocity of the ambient wind,

when the layer height changes by +200 m, an equiv-
alent effect to that observed by Hocking [1983]. This
difference is proportional to the ambient wind veloci-
ty.

A change of antenna beam direction also leads to
different spectral shapes. Figure 6 shows the spectral
shapes calculated for the cases that the beam is
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Fig. 6. - Doppler power spectra for the beams directed to seven different directions with angles of 0, 2, 4, -~

, 12°

from the zenith, respectively. Other parameters are the same as those in Figure 5.
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Fig. 7. (a) Doppler power spectra observed by the MU radar
in a 2.5-hour period from 2207 LT (LT is local time (Japan stan-
dard time)) on December 31, 1985 to 0036 LT on January 1, 1986.
The beam direction is 15° eastward (90° azimuth from the north)
from the zenith. The spectra at 14.04, 13.90, and 13.75 km are
given by chain line, solid line, and broken line, respectively. (b}
Theoretical Doppler power spectra that resemble the observed
ones by choosing the parameters of the numerical model. The
horizontal velocity is 66 ms ™!,

pointed to seven different directions, with separation
of 2°, in the region from the zenith to the 12° off
zenith. The turbulent layer is located at 75 m above
the range center of the zenithal beam (ie., 10075 m
in height). The spectral shape changes substantially
with increasing zenith angles, especially, in the direc-
tion of 10° and 12° from the zenith. The spectral
width becomes narrower as the beam is tilted more,
since signal is received from a smaller range of
angles. It is noted that the decrease of echo intensity
with increasing beam zenith angle does not reflect the
aspect sensitive scattering [e.g, Gage and Balsley,
19807, since the scattering is assumed to be isotropic
in the present model. Also, the radial velocity esti-
mate from the mean Doppler shift becomes more
negative than the true projection of the horizontal
wind when the beam is tilted more from the zenith.
The finite range volume effect does not appear in the
zenith direction. On the other hand, it is shown that

the mean Doppler shift changes very little when spec-
tral width o is varied.

The spectra observed by the MU radar at three
adjacent heights near 14 km, where a typical false
wind shear due to the finite range volume cffect is
found (paper 1), are given in Figure 7a. They are the
average of the 2.5 hr period data shown in Figure 14

of paper 1. Figure 7b shows the theoretical spectra

that resemble closely the observed ones shown in 7a.
They are calculated by assuming a single turbulent
layer with Ah =200 m and ¢ = 2.0 ms™' which is
located 10 m below the center of the central range
volume. The white noise is added so as to make the
detectability of numerical spectra approximately
equal to the observed ones. As shown in Figure 14a
of paper 1, an intense turbulent layer was continu-
ously observed at the same height during this period.
This presumably supports the assumed spectral pa-
rameters which suit a fairly strong turbulent layer.

The above turbulence parameters are presumably
not the optimum ones, but it is not considered as
important to investigate parameters more suitable to
the observed spectra. It will be only noted that the
close resemblance between the observed and numeri-
cal spectra is consistently obtained at three different
ranges by assuming the finite range volume effect for
a single turbulent layer.

3.2. Shear-velocity ratio

In Figure 8 false radial shears of radial wind veloc-
ity A, (radial-velocity shear) induced by the finite
range volume effect are calculated. The numerical
model is the same as that used in Figure 4 except for
Ah and u. The calculation is performed for both
Ak =60 m and 30 m for u changing from 10 to 100
ms L
As expected, Figure 8 illustrates that the radial-
velocity shear A, increases almost proportionally
with 4. When u is larger than approximately 50
ms~ !, A, exceeds 1.04 ms™!/AR, which corresponds
to 40 ms~! km™! of a vertical shear in horizontal
wind. Wind shears with magnitude larger than this
value generate Kelvin-Helmholtz instability for the
ordinary potential temperature gradient in the tropo-
sphere and stratosphere.

The gradient of the curve shown in Figure 8 gives
the ratio of radial-velocity shear to radial velocity
(A, /u, is shear-velocity ratio) (paper 1). Figure 9
shows the calculated shear-velocity ratio against dif-
ferent beam widths for Ah = 60 and 30 m. The dia-
gram also includes the observational maximum
values shown in Figure 9 of paper 1. The observed
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relationship between X and ¥ determined by a least mean square
fitting is given by dotted line. :

results are the average over a period of 16 hours. The
general tendency of the observed results seems to be
consistent with this simple theoretical model of the
finite range volume effect.

By extrapolating the data in Figure 9 to narrower
beam widths, it is found that the beam width should
be smaller than 0.5° in order that the finite range
volume effect is insignificant. Such a narrow beam
will not be expected for ordinary MST/ST radar an-
tennas, but a false vertical shear of the horizontal
wind on the order of 1 ms™' km™*! or A, ~ 0.03
‘ms /AR may be practically admitted. Thus from
this diagram accurate wind estimations free from the
finite range volume effect are expected to be made if
the beam width is less than 1°,

In the case that the same turbulent layer exists
simultaneously at two adjacent range volumes in-
stead of three, the radial-velocity shear calculated for
the same parameters leads to almost the same mag-
nitude as that of the three-range-volume model. This
is. not always true, but the magnitude of the radial-
velocity shear. varies considerably depending on the
beam zenith angle, beam width, and range resolution,
as well as height and thickness of the turbulent layer
as discussed in paper 1. Also, the magnitude of the
shear is affected by the spectral distortion mentioned
in section 3.1. The number of range volumes in which
the turbulent layer is simultaneously located is an-
other factor to determine the magnitude, with thicker
turbulent layers allowing more range volumes. Thus

ERROR IN MST/ST RADAR—NUMERICAL CONSIDERATIONS

it is too complicated to discuss the finite range
volume effect in a generalized way. We are inclined
not to do so beyond noting that the three-range-
volume model is one of the cases that may actually
exist in the real atmosphere, considering a layer
thickness of 100 m or less.

3.3. Effective beam width for scattering

If the scattering occurs primarily near the edge of
the beam width, A_/u, becomes twice as large as the
present numerical values (paper 1). This difference
indicates that the dominant scattering occurs, on the
average over a considerably long duration, from the
inner region of the beam width, although sometimes
the scattering may also occur at the edges of the
beam. The effective scattering region, or equivalent
half-power beam width A@,, is given by

AB, = aA ®)

where « < 1. The shear-velocity ratio per unit range
volume is expressed as (paper 1)

A, Ju, = cot # sin (zAB/2) 9)

where « is determined by fitting (9) to the numerical
data shown in Figure 9 in a least mean square sense,
The result is o == 0.675. Thus the effective beam width
is A, = 3.7° x 0.675 = 2.49°,

The above result suggests that the virtual beam
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Fig. 5. False shear-velocity ratio A, /u, (Y) versus beam width
A# (X). The ratio is given by the gradient of the curves of radial-
velocity shear versus radial velocity for respective beam widths.
The turbulent layer is assumed to be 60 or 30 m in thickness. The
linear relationship between X and Y given for each layer thickness
is determined by a least mean square fitting. The thick vertical
bars indicate the observed values shown in Figure 9 of paper 1.
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direction may occasionally deviate from the physi-
cally pointed direction by, at largest, Af,/2 = 1.25°
due to the finite range volume effect, This deviation
will lead to a wind estimation error as

u,.. = u cot 8 sin (A6,/2) (10)
For 6 =10° and A8 =3.7° u,, =u x 0.123. This
means that the error caused due to the finite range
volume effect is, on the average, approximately 12%
of the horizontal wind velocity. The error may some-
times be twice as large as the mean value of the error.
This magnitude is by no means negligibly small, but
it is not fatally large.

4, CONCLUSIONS

The finite range volume effect is investigated based
on a numerical model that simulates the actual
MST/ST radar observation. It is pointed out that if
there exists a stratified turbulent layer thinner than
the range resolution, the velocity estimation will give
different values according to the height of the layer
within the range volume, even if the ambient wind
field is uniform with height. This may induce a false
wind shear and/or a wind oscillation when the thin
turbulent layer is simultaneously located in several
adjacent range volumes. Their vertical scale is of the
order of a few hundred meters. Even for moderate
wind velocities the magnitude of the false shears may
become larger than the critical value, above which
the Kelvin-Helmholtz instability will be generated in
the real wind shear.

Also, this effect leads to a wind estimation error of,
on an average, more than 10% of the horizontal
wind velocity, but sometimes there may be up to
twice this error. Thercfore discussion of the fine
structure of the wind profiles obtained by MST/ST
radars with antenna beam width of 3°-4° or larger
should be performed carefully.

The present paper is limited only to the case of
zenith angle of 10° and at a height of 10 km where
the jet stream predominates. But the same calcula-
tions performed for other turbulence parameters lead
to slightly different but essentially the same results.

Due to the finite range volume effect, a single tur-
bulent layer may influence Doppler velocities esti-
mated at three or four adjacent range volumes in the
troposphere and stratosphere, and presumably at
more ranges in the mesosphere where turbulent

layers are probably thicker and range resolutions
used are generally much larger than in the tropo-
sphere and stratosphere. The greater the wind veloci-
ty, the larger the error becomes.

Considering the consequences of the finite range
volume effect, the following cases can be regarded as
true physical processes. First, features observed suc-
cessively over more than seven or eight range vol-
umes will be real. Second, the features observed for
weak ambient wind velocity are real (paper 1). Third,
the spectral shape as well as the vertical velocity ob-
tained in the zenith direction does not suffer substan-
tially from the finite range volume effect, although
there is some dependence on spectral width with
range [Hocking, 1983]. Fourth, the wind velocity is
comparatively reliable at the ranges where. the echo
power is larger compared with those above and
below the layer (paper 1). Since the turbulent layer is
not necessarily located at the center of each range
volume, the precise wind profile should be formed
using only the reliable estimates at adjacent ranges.
Finally, the Doppler power spectra will be correct
when obtained by the beam less than 1° in width, for
which the finite range volume effect is virtually negli-
gible.
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