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ABSTRACT

Aspect-sensitive backscattering of the atmosphere causes a small error in an effective line-of-sight direction in
vertical beam observations leading to a serious degradation of vertical wind estimates due to contamination by
horizontal wind components. An adaptive beamforming technique for a multichannel mesosphere—stratosphere—
troposphere (MST) radar is presented, which makes it possible to measure the vertical wind velocity with higher
accuracy by adaptively generating a countersteered reception beam against an off-vertically shifted echo pattern.
The technique employs the norm-constrained direction-constrained minimization of power (NC-DCMP) algo-
rithm, which provides not only robustness but also higher accuracy than the basic direction-constrained mini-
mization of power algorithm in realistic conditions. Although the technique decreases the signal-to-noise ratio, the
ratio is controlled and bound at a specified level by the norm constraint. In the case that a decrease of —3 dB is
acceptable in a vertical beam observation, for which usually a much higher signal-to-noise ratio is obtained than for
oblique beams, the maximum contamination is suppressed to /10 even for the most imbalanced aspect sensitivity.

1. Introduction

Accurate measurements of the vertical wind velocity
are important in understanding the dynamics of atmo-
spheric phenomena having various spatial scales, vertical
coupling in the atmosphere through momentum trans-
port by internal waves, and driving mechanisms of global
circulation. In the troposphere, vertical wind fluctuations
play an important role in the vertical transport of heat
and momentum associated with severe atmospheric dis-
turbances such as typhoons (Sato et al. 1991; Sato 1993).
Ageostrophic circulations including vertical motions
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maintain the geostrophic and hydrostatic structure of
synoptic-scale atmospheric phenomena such as jet streaks
(Takayabu et al. 2000).

In the middle atmosphere, the vertical transport of
horizontal momentum by atmospheric waves such as
Rossby waves and gravity waves is essential to drive
material circulations (e.g., Plumb 2002; McLandress and
Shepherd 2009; Okamoto et al. 2011). The material
circulation not only globally transports minor constitu-
ents such as ozone but also causes significant departure
of the thermal structure from a simple radiative balance
through adiabatic heating and cooling associated with its
vertical motion. Temperature perturbations caused by
vertical fluctuations associated with gravity waves largely
affect the amounts of unique clouds in the polar middle
atmosphere such as polar stratospheric and mesospheric
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clouds (Eckermann et al. 2009; Alexander et al. 2011;
Kohma and Sato 2011; Taylor et al. 2011).

Mesosphere—stratosphere—troposphere (MST) radar,
which observes a wide altitude range of the neutral
atmosphere, is an indispensable instrument because of
its ability to directly estimate vertical Doppler velocities
from atmospheric echoes. It is well known that, in very-
high frequency (VHF) radar observations, aspect-
sensitive scattering exists and strongly affects the echo
distribution when the radar beam is near vertical (Gage
and Green 1978; Rottger 1980). This aspect sensitivity
is evident uniquely in VHF bands and is considered a di-
rect consequence of spectral enhancement, which is
possibly caused by a horizontal layered structure of the
refractive index (Tsuda et al. 1986; Worthington et al.
1999). Potential mechanisms have been proposed to ex-
plain the creation of the structure: those relating to
Kelvin—-Helmholtz instability (Muschinski 1996) and those
relating to gravity waves (Nastrom and VanZandt 1994;
Tsuda et al. 1997). Aspect sensitivity becomes more
complex when the laminated structure is not horizontal
because of modification by small horizontal-scale moun-
tain waves (Sato 1990).

By these mechanisms, the brightest direction is tilted
slightly off-vertical, leading to contamination of the
horizontal wind components to the “vertical” Doppler
velocity estimate. Even if this unexpected off-vertical
angle is small, often the horizontal components are large
enough to smear the faint vertical component. For ex-
ample, for the vertical beam with 1° from the zenith,
a horizontal velocity of 30 m s~ ' discharges a Doppler
velocity of 0.52 m s~ ', which is usually unacceptable for
vertical wind measurement. Even in discussing local
dynamics, the error should be less than 0.1 m s L

Fukao et al. (1991) discussed a systematic reversal of
the vertical wind at the height where the horizontal wind
velocity peaks. There are several possible physical mech-
anisms to explain the systematic structure. Muschinski
(1996) explained it as a consequence of Kelvin—-Helmholtz
instabilities. Takayabu et al. (2000) interpreted it as
secondary circulation of jet streaks. Sato (1990) showed
that the time-mean vertical profile of vertical winds is
reflected by the structure of quasi-stationary topographi-
cally forced gravity waves. However, for quantitative
discussion of these mechanisms, we need to reduce errors
due to aspect sensitivity by having a target volume as
small as possible.

Recently, MST radar instrumentation has been updated
or newly constructed with multichannel digital receiver
systems that are capable of receiving signals at each
segment of the antenna array so that additional in-
formation about the structure within a main beam can be
observed (Hassenpflug et al. 2008).
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Palmer et al. (1991) discussed measurement of the ver-
tical velocity under an aspect-sensitive condition by
means of a spatial antenna method using a multichannel
middle- and upper-atmosphere (MU) radar. More re-
cently, Cheong et al. (2008) estimated vertical wind ve-
locities employing an imaging technique and 25-channel
system for MU radar. Chen et al. (2008) more specifically
investigated the effect of a periodic form of laminar struc-
ture possibly generated by Kelvin—-Helmholtz instability.
Those studies employed imaging techniques taking advan-
tage of multichannel signals to investigate the relationship
between scattering structures and wind estimates.

In this paper, we propose a technique that enables us to
measure accurate vertical Doppler velocities by adap-
tively generating a reception beam that is countershifted
against an off-vertically shifted echo pattern resulting
from aspect-sensitive reflectivity. The technique employs
the norm-constrained direction-constrained minimiza-
tion of power (NC-DCMP) algorithm (Hudson 1981),
which was originally developed to stabilize the main and
sidelobe behaviors of the basic DCMP sidelobe rejection
algorithm (Takao et al. 1976; Capon 1969). The class of
NC-DCMP contains the original DCMP. These adap-
tive beamformers have been used for imaging scatter
strength field (Hassenpflug et al. 2008) or canceling
clutters (Kamio et al. 2004) in MST radar applications.
However, there was no such study that tried to compen-
sate for the angular dependency of the echo patterns to
obtain accurate Doppler velocity estimates. We demon-
strate the beam adjustment properties of the proposed
technique using computer simulation.

The remainder of the paper is outlined as follows.
Section 2 describes the simulation model and the proce-
dure for calculating echoes and received signals. Section 3
presents the algorithm for creating the reception beam.
Section 4 summarizes our proposition and makes conclud-
ing remarks.

2. Simulation model

Atmospheric radar measures Doppler velocities of
the atmosphere along an effective line-of-sight (LOS)
from the radar, which is a moment direction of an echo
pattern weighted by an reception beam pattern. For
convenience, the product of the echo pattern and re-
ception beam pattern is referred to as the effective echo
pattern, which we consider in evaluating the accuracy of
vertical wind measurements. In this section, we define
the echo pattern and an asymptotic model of the recep-
tion signals that is required to determine the reception
beam pattern.

The geometrical configuration of the model follows
that of the MU radar (Fukao et al. 1985) operated at
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46.5 MHz. The array consists of 475 antennas arranged
with uniform triangular spacing at intervals of 4.5 m,
which is 0.7 times the wavelength. For simplicity, no
explicit element factor or polarization of antennas is
considered because these factors are not essential in the
following discussions. The first null and one-way half-
power half-width (HPHW) angles for uniform excitation
in this configuration are about 3.8° and 1.8°, respectively.
The whole array is divided into 25 groups consisting of
19 antennas each. Each group has its own digital receiver
that can store data separately as complex-valued time
series or power spectra (Hassenpflug et al. 2008).

Parameters for forming the aspect-sensitive reflectivity
pattern in our simulations are adopted from those ob-
served by Worthington et al. (1999), in which Gaussian-
shaped reflection patterns are exhibited with an HPHW
down to 2° and the off-vertical shift by up to 1°. In the
following discussions, these parameters are used as the
severest case.

To describe the two-dimensional target space, we use
a directional cosine vector, defined as n = (7, ny)T,
where the superscript T indicates vector transposition,
instead of using the zenith angle 6 and the azimuth angle
¢, where

M, =sinfsing and (1)

n, = sinf cos¢ 2)

for computational efficiency. The target space defined
within a region satisfying 72 + ”’75 <1 is uniformly dis-
cretized as a Cartesian grid with an interval 7 set to 0.005
for both 1, and 7, axes. According to the above definition,
each antenna has an implicit element factor cosf.

Let x; be the position vector of the ith antenna, where
x; = (x;, y;)*. The z component of the antenna position is
assumed to be zero. Beam patterns are calculated as
follows. Transmission beam pattern Br(n) is constructed
with uniform excitation:

B (m) = c(m)"e(my), ®)

where the superscript H denotes the Hermitian trans-
position,
expli2mx, - ]
c(n) = : ; (4)
eXp[j27TXN ]
and m, represents the direction of the transmission

beam.
Echo pattern E(n) is given by
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E(n) =F(n)B;(n), ®)

where F(m) is an aspect-sensitive reflectivity pattern
defined as a Gaussian-shaped function

_ _ (71 - 7’0)2
F(m) =exp hio_2 ) (6)

where o is the HPHW of the function and /# = log,2.

Now we develop the asymptotic uncorrelated signal
model for the received echo. This model is constructed
assuming that echoes are spatially uncorrelated. With
the addition of internal noise, the received signal at the
nth antenna is written as

M
r0) = ﬁEl[aE(n,»)si(f) exp(j2mx,, - )] +v,(0), (7)

i=

where a is the amplitude factor of the echo, M is the
number of directions, s,(¢) is the echo from the ith di-
rection, and v,(¢) is a v/1/2 -scaled complex normal
random variable. In the following part, a is set to 1.0,
which corresponds to a severe case. The echo s;(¢) is
uncorrelated from any s;(f) with j # i and has normal-
ized power that is (|s;(f)|?) = 1, where the angle brackets
denote expectation. Let r be the received signal vector
[71(?), - .., ra(?)]". The asymptotic covariance matrix is
then derived as

R = (rr'!) (8)

M
a7 -; {IE(n,)PPe(n)e(n)™} +1, ©9)

where | denotes the identity matrix. The reception beam
pattern Bg(n) is given by

BR(TI) = C(n)HWNC (10)
once an NC-DCMP solution wyc is calculated by the

algorithm described in the next section. The effective
echo pattern E.(n) is then obtained as

E,(m)=E(m)Bg(n). (11)

Although the covariance matrix is estimated using fi-
nite number of samples in real observations, the number
of samples is in general large enough to obtain a good
estimate of R in MST applications. For example, the
number of time samples to obtain a sample covariance
matrix would be 128, according to a parameter set used
for stratospheric and tropospheric observations at the
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MU radar, where the sample is obtained every 64 m s~

for the integration time of 8.192 s, which is a period to
estimate a frequency spectrum. The number of 128 is
sufficiently larger than the dimension of R correspond-
ing to the number of signal channels of 25. However,
even this condition is not essential for NC-DCMP be-
cause in principle it works with a singular R. This is
mentioned in the next section.

The uncorrelated signal model has an advantage that
the strength distribution of a signal source agrees with
that observed through the reception beams. This prop-
erty is useful to give an angular distribution of the echo
strength field without assuming an unknown spatial mech-
anism for the creation of the atmospheric echo. A major
limitation of the uncorrelated model is that it cannot de-
scribe a spatial structure of the wavefront, which may be
an issue, for example, in case the echo distribution is split
in space in several parts with holding coherence. As far as
general narrowbeam observations are concerned, however,
the uncorrelated model given the echo pattern viewed from
the radar is a valid approximation.

Figure 1a shows a transmission beam pattern pointed
at the zenith and the echo pattern obtained from the
aspect-sensitive reflection pattern. The aspect sensitivity
is assumed as a Gaussian function with a center at (0, ¢) =
(1.0°,90.0°) and an HPHW of 3°. Note that the echo pat-
tern is clearly shifted off-vertical and skewed owing to the
aspect sensitivity although the transmission beam pattern
is aligned vertical.

Figure 1b shows the conventional fixed (nonadaptive)
reception beam pattern and an NC-DCMP beam pat-
tern with NC parameter 6 of 1.5, which is discussed later.
The NC-DCMP reception pattern tilts away from the
echo pattern to minimize the total output power under
the constant-gain constraint. Note that the NC-DCMP
reception beams crosses the fixed beam at 0°, obeying
the constant-gain constraint.

Figure 1c shows two effective echo patterns corre-
sponding to the two reception beam patterns in Fig. 1b.
Total output signal power is proportional to the area of
effective echo patterns, and therefore, the effective echo
pattern obtained from NC-DCMP has a smaller area
than the other pattern. As a result, the effective echo
pattern obtained from NC-DCMP is apparently aligned
in the desired vertical direction.

3. Algorithm for calculating the reception beams

In this section, we describe the concept and algorithm
of NC-DCMP, which is the norm-constrained variation
of the original DCMP, and its asymptotic properties in
terms of its effects on the effective echo pattern. The
principle of NC-DCMP is to find a complex weight
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FIG. 1. Simulated patterns based on the MU radar model. The
abscissa is the zenith angle 6 in the east-west (¢ = 90°) section.
(a) Echo pattern (solid) as a product of the transmission pattern
(dash-dotted) pointed at the zenith and Gaussian-shaped re-
flectivity tilted toward (6, ¢) = (1.0° 90.0°) with an HPHW of 3.0°
(notshown). (b) The conventional reception beam patterns with
fixed uniform excitation (dashed) and the NC-DCMP reception
beam pattern (solid), according to the echo pattern shown in (a).
(c) Effective echo patterns, which are products of the echo pattern
in (a) and either of reception beam in (b), namely, the conventional
fixed reception beam (dashed) and the NC-DCMP reception beam
(solid).

vector w for multichannel signals r such that the average
output power P = (|w"'r|?) is minimized, under constant-
gain and norm constraints regulating the sensitivity to-
ward the desired direction and upper bounds of noise
and sidelobe levels, respectively. Let N and 6 be the
number of signal sequences and the norm constraint,
respectively. The principle is written as

Hrtw (12)

minimize P=w"{r

subject to c(nO)Hw =N and wlw=6N. (13)

Whereas the constant-gain constraint relates to a spec-
ified direction, the signal strength decreases in volume
target scenarios as for atmospheric radar, as a conse-
quence of the minimization. In addition to the decrease in
signal strength, the resulting weight norm wil-wxc be-
comes larger than the given quiescent weight norm ¢,
where these square norms are directly proportional to the
output white noise power. Therefore, the algorithm al-
ways decreases the signal-to-noise ratio (SNR) compared
with a nonadaptive system.

The NC parameter 8, however, defines the upper bound
of the norm weights while the original DCMP algorithm is
unbound. Hence, the decrease in the SNR due to the
minimization principle is guided by the NC parameter 6.
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This problem is classified as convex quadratic opti-
mization and it is guaranteed to have a unique solution.
The solution to this problem, denoted wy, has the form

_ (R+AD)7'e

W= ¢ 14
NC cH(FH—)\I)_lc (14

where A gives the magnitude of additional noise so as to
suppress the squared norm of wyc to less than 6N
(Hudson 1981).

In the case that the DCMP solution w, satisfies the
norm inequality condition wglwo =48N, obviously w is
also the NC-DCMP solution, and therefore A = 0.
Otherwise, the NC-DCMP solution wyc is bound at

whlcWye = ON. (15)

Unfortunately, in the latter case, there is no simple re-
lationship between A and 8, and the solution should be
found with a nonlinear optimization method. However,
it is known that the squared norm w''w decreases
monotonically as A increases. Therefore, on condition
that R is regular, the solution of A can be found with
a simple procedure as follows.

(i) Calculate the DCMP solution wy.
(i) If wy satisfies w}){wo = 8N, then this wy is the solution
to the NC-DCMP.
(iii) Otherwise, set wy to the initial value and find A that
satisfies (15) by adjusting A with the Newton method.

In case R is singular, although this is unusual for MST
applications, we cannot use the procedure since the so-
lution to DCMP is not defined. The NC-DCMP still
have a solution in such a case and we can find it with an
ordinary nonlinear search algorithm (e.g., Kamio et al.
2004).

4. Simulation results and discussions

To evaluate the goodness of alignment of the effective
pattern, we define the effective LOS direction as the peak
direction of the effective echo pattern. The effective LOS
is plotted versus the offset angle of the Gaussian-shaped
reflectivity.

Figure 2 shows the resulting errors of the effective
LOS from the vertical when the Gaussian reflectivity,
with HPHW of 3.0° is tilted along the x axis. In the
graph, results for 6 of 1.0, 1.2, 1.5, 2.0, and e (annotated
as unbound) are plotted. The x and y components of the
errors are separately plotted in the upper and lower
panels, respectively. For cases of NC parameter § set to

NISHIMURA ET AL.

1773

Error by Aspect Sensitivity (hphw=3.0deg)
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FIG. 2. The two-dimensional error angle of the resulting effective
LOS when there is Gaussian-shaped reflectivity with an HPHW of
3° along the x axis. Resulting errors along the (top) x axis (from the
zenith to the east) and (bottom) y axis (from the zenith to the
north), respectively, are shown. The number annotated beside each
line indicates the NC parameter 6. The x and y axes are scaled in
degrees.

1.2, 1.5, and 2.0, the errors are suppressed almost
monotonically compared with the case of 1.0, which is
equivalent to the fixed beamformer. In the case of the
unbound norm, the error becomes larger in some parts
than that in bound cases although the SNR becomes
worse. It should also be noted that the reflectivity offset
is always given along the x axis and this has little effect
on the orthogonal component of the effective LOS error
except in the case of the unbound norm.

In the case of the HPHW being 3.0°, the resulting x
components of the errors in the effective LOS are 0.284°,
0.078°, 0.033°, and 0.015°, respectively, for é of 1.0, 1.2,
1.5, and 2.0, at a tilt angle of 1.0°. Hence, in the case that
a decrease in the SNR is acceptable to 1 dB (~1.26), the
error in the LOS is suppressed to less than 0.1°. If the
worsening of the SNR is acceptable to about 3 dB
(~2.0), which is often the case for tropospheric and
lower-stratospheric observations using vertical beams
for which usually much larger SNR is obtained than for
oblique beams with MST radar, the error in LOS is
suppressed to nearly /20 of that in the fixed case in this
condition.

To evaluate severest cases, Fig. 3 shows the errors in
LOS under the condition of an HPHW of 2.0°. The x
components of the errors are 0.474°, 0.226°, 0.112°, and
0.042°, respectively, for 6 of 1.0, 1.2, 1.5, and 2.0, at a tilt
angle of 1.0°. Clearly, these data are worse than those
with an HPHW of 3.0°. Even in this severe condition,
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Error by Aspect Sensitivity (hphw=2.0deg)
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FIG. 3. As in Fig. 2, but with Gaussian-shaped reflectivity with an
HPHW of 2°.

however, the errors in the cases of 8 of 1.5 and 2.0 ap-
proach 0.1° and less than 0.05°, respectively.

The coefficient of contamination from horizontal
wind components to the vertical components is given by
the sine of LOS error angle, which is 1.745 X 10~ and
0.873 X 10, respectively, for off-vertical angles of 0.1°
and 0.05°. For horizontal wind of 30 m s_l, these factors
induce contaminations of the vertical components of
52.35and 26.19 mm s~ ' and they are roughly /20 and /10,
respectively, of the values for a conventional fixed
beamformer.

In real observations, some parameters that are ig-
nored in this study such as the antenna element factor,
stochastic fluctuation, background noise level, and cor-
related parts of echoes should quantitatively have some
effect on the results. Hence the ““best” parameter setting
should be identified based on observed data. However,
evaluating the new technique that provides accuracy of
measurement needs a self-consistent scheme. This re-
quires a statistical analysis on a sufficient dataset, which
is an issue for a future work.

5. Conclusions

The present study introduced a technique to control
the beam pattern that enables accurate measurement of
the vertical velocity of wind. By choosing an appropriate
NC parameter, the method can adjust the reception
beam pattern while suppressing the sidelobe and noise
levels at a designated threshold. The norm constraint is
essential for this technique in order to control the bal-
ance between the final error of the LOS and the SNR.
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With an NC parameter of < 2.0, where the loss in SNR
of roughly 3 dB is allowed compared to that of the
conventional beamformer, the errors in effective LOS
are 0.015° and 0.042°, respectively, for HPHWs of 3.0°
and 2.0° when the reflectivity pattern is shifted by 1.0°.
These errors are approximately /20 and 10 of those of
the conventional fixed beamformer.

Although the present paper focused on the vertical
wind measurement, the proposed technique itself can be
applied to oblique beams. The well-known problem of
systematic measurement bias for oblique beams, owing
to the offset of the scatterer within a volume in the case
of a laminar turbulent layer (Fukao et al. 1988), should
be mitigated with the proposed technique. Thus, the
technique is also useful for accurate Doppler measure-
ment with any angled beam.
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