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Abstract. A linearly constrained mathematical formulation is provided for the problem
of coherent radar imaging. In contrast to studies of field-aligned irregularities in the
ionosphere, where the technique has previously been applied, lower atmospheric imaging
is complicated by the fact that the scattering structures are not aligned along any single
baseline. As a result, a two-dimensional generalization of the brightness distribution was
required. It is shown that Fourier-based imaging is a special case of this general formulation.
Furthermore, an imaging technique based on constrained optimization is introduced and
shown to exhibit higher resolution and resistance to interfering signals. These techniques
were applied to data from the middle and upper atmosphere radar in Shigaraki, Japan.
The experiment was conducted during the Baiu season, which is characterized by significant

precipitation events.

1. Introduction

Coherent radar imaging is a term which can be
used to describe various array processing algorithms
whereby signals from spatially separated sensors are
processed in order to focus the receiver’s sensitiv-
ity in particular directions [Johnson and Dudgeon,
1993]. This recently developed method is an out-
growth of the radar interferometric (RI) technique
[Woodman, 1971] and has the potential to unravel
the inherent ambiguities between temporal and spa-
tial dimensions when using single-station observa-
tional instruments. It should be noted that the RI
technique has also been termed spatial interferome-
try (SI) in the literature. Vertically pointing radars
can typically be used to observe wind and reflectivity
field dynamics as various meteorological events pass
over the observation site. However, vertical wind
shear, in both direction and magnitude, cause dif-
ficulties in the interpretation of resulting range time
intensity plots. Imaging has the capability of cre-
ating an instantaneous “picture” of the atmosphere
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within the beam of the radar. Therefore no ambigu-
ities exist between the temporal and spatial scales.
The first application of true imaging was made
by Kudeki and Siricii [1991] for observations of the
equatorial electrojet above the Jicamarca Radio Ob-
servatory in Peru. It is interesting to note that
this Fourier-based technique is a generalization of
the poststatistic steering (PSS) method, which has
been used for wind field measurements [Kudeki and
Woodman, 1990; Palmer et al., 1993). In addition,
Van Baelen et al. [1991] used postset beam steer-
ing [Réttger and Ierkic, 1985], which is an equivalent
time domain method, for two-dimensional imaging
of the lower atmosphere. Although these straightfor-
ward techniques have been developed, little effort has
been put forth to investigate the wealth of knowledge
in more generalized imaging methods. An interest-
ing exception is the work of Hysell [1996] and Hysell
and Woodman [1997], in which the maximum entropy
method was applied to the imaging problem. This
technique has been shown to exhibit higher resolu-
tion than Fourier-based techniques. A general review
paper in the area of imaging has also been recently
published [Woodman, 1997]. In addition to maxi-
mum entropy, many previously developed algorithms
exist that exhibit significant advantages in terms of
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resolution and interference rejection. For example,
Capon’s method [Capon, 1969] has been shown to
be extremely robust and has the potential to reduce
effects from interfering signals such as ground clut-
ter or the biasing effects of aspect sensitivity. The
present work provides results from the application of
Capon imaging for the study of clear-air turbulence
(CAT) and a precipitation event associated with the
Baiu season in Japan [e.g., Fukao et al., 1988; Ya-
manaka et al., 1996).

Scanning meteorological radars are usually used
for the study of formation of storms. Under typical
conditions, however, the relatively short wavelength
(~10 cm) of these radars limits the observations to
the actual precipitating particles, such as liquid wa-
ter and ice crystals. These hydrometeors do not nec-
essarily follow the vertical motion of the wind field es-
pecially during heavy precipitation. Furthermore, it
has been shown that these particles do not perfectly
trace even the horizontal flow [Chu et al., 1997].
Meteorological radars, with their short wavelengths,
typically cannot be used to observe the movements
of the wind field, but only the motion of the hy-
drometeors. In contrast, mesosphere-stratosphere-
troposphere (MST) radars are designed with wave-
lengths of the order of meters, resulting in the ability
to observe the wind field. In addition, MST radars
can be used to simultaneously observe scatter from
hydrometeors [ Wakasugi et al., 1987; Gossard et al.,
1990]. Therefore MST radars are an ideal instru-
ment for the study of the kinematics and microphys-
ical processes involved in the formation and growth of
both convective and stratiform precipitation. On the
other hand, the longer wavelengths of MST radars
cause wider beam widths and therefore worse angu-
lar resolution. Coherent radar imaging holds tremen-
dous promise for increasing the angular resolution of
these measurements.

Another disadvantage of meteorological radars is
that they typically produce two-dimensional cross
sections of reflectivity and radial velocity through
a storm system. Interpretation of thes~ “slices” of
an inherently three-dimensional structure, such as a
convective storm system, can be difficult and some-
times impossible. In fact, Yuter and Houze [1995,
p. 1937 stated that “A method is needed that will
overcome the limitations of cross sections, identify
the salient ensemble properties of the storm, and
reveal how these properties change as the storm
evolves.” The imaging algorithms currently under in-

PALMER ET AL.: COHERENT RADAR IMAGING USING CAPON’S METHOD

vestigation can provide a three-dimensional view in-
side a precipitating cloud system, eliminating tempo-
ral and spatial scale ambiguities. By using contigu-
ous data sets, animations of the three-dimensional
structure can be generated providing the chance to
study storm evolution. Moreover, Doppler sorting
can be used with these imaging techniques provid-
ing the means to separate signals corresponding to
various Doppler velocities. As mentioned earlier, hy-
drometeors do not necessarily follow the wind field
and actually have a fall speed proportional to their
size, if vertical air motion effects have been removed.
Therefore imaging methods can be used to sort a pre-
cipitating structure according to three-dimensional
position, fall speed, and time. Such a multidimen-
sional view of the atmosphere will provide a wealth
of information concerning the formation of these sys-
tems, including cloud structure, growth regions, and
the distribution of various size hydrometeors within
the cloud boundaries.

Section 2 provides the mathematical generaliza-
tion of coherent radar imaging. Preliminary results
are presented in subsequent sections illustrating the
usefulness of the technique for imaging of CAT and
precipitation.

2. Coherent Radar Imaging

2.1. Mathematical Problem Statement

As discussed previously, imaging techniques ba-
sically attempt to create a picture of the reflectiv-
ity structure, or brightness distribution, within the
transmit beam of the radar. This map can be created
vertically through the normal gating procedure used
with most atmospheric radars. Horizontal maps of
the brightness distribution are usually obtained in a
crude manner through beam steering, which is typ-
ically limited to a small number of directions using
phased-array antenna systems. This coarse sampling
of the brightness distribution does not allow the de-
tailed study of the fine structure and dynamics of the
atmosphere.

Just as the signals from the elements of a phased-
array antenna system are combined in order to steer
the beam in certain directions, recently developed
imaging techniques attempt to combine signals from
a finite set of receiving arrays with various types
of optimality constraints. In general, one would
like to estimate the brightness in the direction of
the wavenumber vector k by combining the signals
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from n receivers. This configuration is illustrated
in Figure 1, with the wavenumber vector defined as
k = (2r/)) [ sinfsing sinfcos¢ cosf |, where
0 and ¢ are the zenith and azimuth angles, respec-
tively. A horizontal map of the brightness could be
obtained by varying k over an appropriate region of
the sky. Since k is varied in software, any number of
sample points could be obtained. Of course, the res-
olution of the map ultimately depends on the length
of the baselines and the method with which the n
signals are combined.

Let s(t) represent a column vector containing the
signals from the n receivers. Our task is to deter-
mine an optimal method of combining the elements
of s(t). We will choose to combine the signals by a
simple linear filter, where the column vector of con-
stant coefficients will be denoted by w and the scalar
output of the filter y(t) will be given by the following

expression:
y(t) = whs(t) 1

Az
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where the dagger represents the Hermitian (conju-
gate transpose) operator. It should be noted that w
will undoubtedly depend on the wavenumber vector
k. Assuming the output of the filter is wide sense
stationary, the autocorrelation function of y(¢) has
the following form:

Ry(r) = (y(t +7)y" (1)) (2)

After appropriate substitution, the autocorrelation
function takes on the following matrix form:

Ry(r) = wiR(r)w (3)

where R(7) is the correlation matrix of s(t). By tak-
ing the Fourier transform and normalizing the result,
we arrive at the brightness distribution, where the
dependence on k is now explicitly shown.

B(k, f) = w'V(f)w @

» X

Figure 1. Shown is a general configuration for an interferometry system with n receivers.
The vector k represents the wavenumber vector with zenith and azimuth angles of § and ¢,
respectively. Vectors representing the center of each receiving array are denoted by D; for

receiver 1.
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The normalized cross-spectral matrix of the n re-
ceived signals is denoted by V(f) and has the fol-
lowing form:

R
V(f) - 21: : 22 2n : (5)

where V;;(f) is the normalized cross spectrum be-
tween the signals from receivers 7 and j, which is also
termed the visibility spectrum [Kudeki and Siricd,
1991]). The normalization is calculated at each fre-
quency and is obtained from the following equation:

(Si(£)S;(£))

Vii(f) =
¥ VAISi(H) (1S5 (H)I?)

(6)

where S;(f) is the Fourier transform of the coher-
ently detected signal from receiver ¢. The magni-
tude of Vi;(f) is typically termed the coherence. It
should be emphasized that V(f) has a dependence
on temporal frequency f. Therefore a separate es-
timate of brightness distribution can be calculated
for each Doppler velocity. The definition of bright-
ness distribution given in (4) is completely general
for any linear combination of the n signals. The ulti-
mate task is to determine the optimal weight vector
w in order to estimate the brightness in the direction
of k.

2.2. Fourier-Based Imaging

Signals from the elements of a phased-array an-
tenna system are combined with appropriate phase
shifts in order to steer the beam in various direc-
tions. This simple method can also be accomplished
for the general configuration described in the previ-
ous section, resulting in the PSS technique [Kudeki
and Woodman, 1990; Palmer et al., 1990].

By defining the weight vector in the following man-
ner, the appropriate phase shifts can be introduced
in order to steer the beam in the direction of k.

Wp = [ eik D1 jk-Da ¢ikDn ]T 7

By substitution of (7) into (4), we arrive at the fol-
lowing form of the brightness distribution:
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Vit +Vaa+ ...+ Vo

+2Re{Vige i (P1-D2)y
2Re{Vipe~ ik (P1-Dn)}

+2R6{V236"jk'(D2_D3)} + ...
2Re{Vane™ % (P2-Dx)}

BF(kvf) =

+2Re{Vn_1ne"jk'(D"‘1'D")} (8)

which is an n-receiver generalization of the results
given by Kudeki and Woodman [1990] for the two-
receiver case and by Palmer et al. [1990] for the
three-receiver case. From this point in the text, note
that the dependence of the spectra on f has been
omitted for notational convenience.

2.3. Capon Imaging

Although the Fourier-based imaging techniques have
had some success, an abundance of sophisticated al-
gorithms have been developed for applications such
as radio astronomy, seismic exploration, and acous-
tic array processing. One such algorithm is termed
Capon’s method but is also referred to as the mini-
mum variance method, for reasons that will become
apparent in the next paragraph [Capon, 1969]. The
technique was first developed for two-dimensional
imaging of subterranean structures, using signals ob-
tained from a seismic array.

The resolution of Fourier-based imaging is limited
by the frequency response of the weight vector. Since
wr has only phase shift terms, the magnitude re-
sponse has the standard form of the sinc function,
which possesses well-known main lobe and sidelobe
characteristics. An obvious question is whether there
might exist a more clever choice of the weight vector
w, which could improve the resolution and sidelobe
characteristics. The idea proposed by Capon was to
define a constrained optimization problem, where the
goal would be to find the weight vector w which min-
imizes the output power of the linear filter defined in
(1). Equivalently, the brightness distribution defined
in (4) could be minimized for each frequency. This
would have the result of reducing the sidelobe effects,
which hamper Fourier-based imaging. However, we
cannot simply minimize B(k, f) since the optimal
choice would be to choose w to be the null vector.
The minimization must be constrained such that the
frequency response of w is unity in the desired direc-
tion of k. The problem is stated mathematically in
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the following manner:
min B(k, f) subject to efw =1 9)

where

e=[ e/kD1 kD kD ]T (10)
This constrained minimization problem can be solved
using Lagrange methods. It is shown in the appendix
that the resulting form of the brightness distribution

is as follows.

1

Be(k, f) = Sv_is (11)

An example of possible beam patterns from the Fourier-

based and Capon’s methods is shown in Figure 2.

Fourier-based imaging uses no information about the
signal and therefore the beam pattern is independent
of any interference. Since w¢ is chosen to minimize
the output power of the filter, the sidelobe pattern
in the direction of the interfering signal is reduced.
It should be mentioned that this reduction is pro-
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vided at the cost of increased sidelobes in directions
without interference. Of course, this has no effect on
the estimate of the brightness distribution. It can
also be shown that Capon’s method has better an-
gular resolution than Fourier-based methods and is
more robust than techniques based on autoregressive
models [Kay, 1987).

3. Experimental Configuration

The results of the present study were obtained
from a combined SI and Doppler beam swinging
(DBS) experiment conducted on July 22, 1995, 1634-
2200 LT, using the middle and upper atmosphere
(MU) radar, located in Shigaraki, Japan [Fukao et
al., 1985ab]. The configuration used for the SI por-
tion of the experiment will first be explained. Since
the SI data were not initially intended for the ap-
plication of imaging, the experimental configuration
was not optimal. Overlapping receiving arrays and
rather short baseline lengths shown in Figure 3b pro-
duced images with degraded resolution. In general,
better resolution is obtained by using longer baseline

Interfering
Source

/

Al

gl

Tttt
Capon’s Method
(b)

Figure 2. Depiction of possible resulting beam patterns using (a) Fourier-based and (b)
Capon’s imaging algorithms. Notice that the sidelobes of the pattern from Capon’s method
are adaptively reduced in the direction of the interfering source, which could represent
ground clutter or simply the aspect sensitivity of the atmosphere, for example.
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Figure 3. The locations of the individual antennas
for this experimental configuration are shown in (b),
where the numbers represent the receiver to which the
antenna signal is fed. The three outer receivers form
an equilateral triangle with separation of 33.97 m.
The fourth receiver was placed at the center of the
array with a separation of 19.62 m from the other
three. The spatial sampling resulting from the re-
ceiver locations is depicted in (a).

lengths. In this particular configuration, however,
the maximum distance between any two receivers
was only 33.97 m, and the minimum distance was
19.62 m, resulting in aliasing angles of +5.44° and
+9.42° | respectively, along these baselines. It should
be noted that two-dimensional, spatial aliasing is
more complicated than the single-baseline case and
involves the angles at which the various baselines
constructively interfere. As a result, the angles at
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which two-dimensional images repeat due to aliasing
are always at least as large as for the single base-
line case. For transmission, the entire MU radar
array was used, which has a one-way, half-power
beam width of only £1.8°. As a result, any possibil-
ity of angular aliasing was essentially eliminated by
the transmit beam. The resulting spatial sampling
for the receiver configuration is shown in Figure 3a.
These vectors simply represent the lengths and az-
imuth angles of each baseline and provide a view of
how well the ground diffraction pattern is sampled.
Although the current receiver configuration provides
rather poor angular resolution due to the short base-
line lengths, no two baselines are redundant, result-
ing in a more uniform spatial sampling. Future ex-
periments are currently planned to improve the angu-
lar resolution by configuring the receiving arrays with
the longest possible baseline lengths without redun-
dancy. Considerations are also being made for the
construction of additional receivers, making possible
much more flexible imaging experiments. Currently,
the MU radar has only four receivers, which can be
connected to any of the 25 array groups.

The interpulse period (IPP) for the SI data was
set to 400 us with 256 coherent integrations, result-
ing in an effective sampling time of 0.1024 s. The
corresponding aliasing velocity is 15.75 m s~!, which
was more than adequate to prevent temporal aliasing
since the transmit beam was directed only vertically.
Transmitted pulses of 2-us length were not coded
since the sampled ranges of 0.5-9.8 km precluded
their use. Range gating was performed every 300 m,
producing 32 gates over the desired range. Data con-
sisting of 256 samples were recorded on magnetic
tape approximately every 27 s and was continued
for 30 records. The SI data were then processed
off-line using a standard fast Fourier transform al-
gorithm with no spectral windowing to produce the
cross spectra. Incoherent integration of 10 records
was performed and then used to produce the normal-
ized cross-spectral matrix given in (5). Before nor-
malization, the dc component of the various spectra
was eliminated by linear interpolation. As a result
of the incoherent integration, the images presented
in the following section correspond to a time average
of approximately 5 min.

The radar mode was alternated between the SI
mode just described and a standard DBS mode,
where 64 gates with spacing of 150 m were used to
sample the range over 0.5-9.95 km. The DBS mode
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used 1-ps uncoded pulses and the IPP was again set
to 400 us, but 16 coherent integrations were used in
this case. Seventeen beam directions were used with
zenith angles of 0°, 9°, and 20°. Azimuth angles
were chosen at 45° intervals, resulting in eight beams
for zenith angles of 9° and 20°. Since the MU radar
system switches beam positions every IPP, the ef-
fective sampling time was 0.1088 s, corresponding to
an aliasing velocity of 14.8 m s™!. Using data sets
consisting of 128 time series points, Doppler spectra
were calculated on-line with no spectral windowing
and six incoherent integrations. Ten records of these
data, each consisting of 84 s, were recorded to mag-
netic tape. Then, the SI and DBS modes were alter-
nated for the duration of the experiment, which was
approximately 5.5 hours.

4. Preliminary Results
4.1. Doppler Beam Swinging

Using the DBS data, standard measurements were
made of echo power and the wind field. These data
are shown in Figure 4 in a time-height profile for-
mat. After an additional five incoherent integra-
tions, each profile corresponds to an average time of
approximately 7 min. The echo power from the ver-
tical beam is shown in Figure 4a, while the zonal and
meridional wind components are shown in Figures 4b
and 4c, respectively. Notice the distinct reversal in
the lower altitude meridional flow during the extent
of the experiment. Bold lines are used to show the
profiles corresponding to time 2121 LT, which is em-
phasized since this is the period closest to the time of
the imaging results presented in the next section. A
more detailed plot of the 2121 LT profile is provided
in Figure 5, where a vertical change in the horizontal
flow direction is more easily observed. A significant
sheared region is seen in the range 2.0-3.5 km, above
which the meridional flow reduces to approximately
zero. Below this region, the wind is approximately
southwesterly, while above, it changes to a westerly
flow. This distinctive pattern will be used to help ex-
plain the results from the imaging experiment. The
echo power is displayed in Figure 5b for the verti-
cal beam and azimuthal averages of the off-vertical
zenith angles, and the range squared dependence has
not been removed. As expected, the sheared region
(2.0-3.5 km) exhibits an isotropic behavior since the
atmosphere is expected to be well mixed at these
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altitudes. Above and below this region, aspect sen-
sitivity is observed.

4.2. Horizontal Cross Sections

Both the Fourier-based and Capon imaging tech-
niques were implemented for comparison. Using
equations (8) and (11), images of the brightness dis-
tribution were obtained for zenith angles less than
4° and all possible Doppler velocities. As mentioned
previously, the brightness distribution can be cal-
culated for each Doppler frequency. Typically, an
average brightness over some appropriate frequency
range is obtained. For example, Hysell [1996] used
an average over frequencies centered about zero since
most of the observed signal strength existed in that
range. However, it was mentioned that it might be
advantageous to study the brightness distribution for
different Doppler frequencies. Our data provide an
interesting test case for this type of analysis since
precipitation and clear-air echoes possess much dif-
ferent Doppler velocities and can be simultaneously
observed at VHF wavelengths. This advantage will
be exploited in the data presented in the next sec-
tion. For the preliminary comparison, a frequency
average over 1 m s~! was chosen as appropriate
based on the observed spectral content.

Because of the abundance of information obtained
from these imaging techniques, data presentation is
a rather interesting problem. We have chosen to ini-
tially display the brightness distribution for each gate
individually. Plate 1 presents an example from eight
arbitrary ranges, which are denoted next to each pair
of images. In each pair, the left image corresponds
to the Fourier-based method, while the right image is
obtained from Capon’s method. The image intensity
is normalized to the maximum brightness for each
image individually and is presented on a linear scale.
Red colors correspond to the highest brightness nor-
malized to unity, while black represents no data. As
mentioned previously, the transmit 3-dB beam width
of the MU radar is 3.6°, essentially eliminating the
possibility of angular aliasing. However, this also has
the effect of reducing the statistical confidence for
brightness estimates at larger zenith angles. Other
biasing effects due to the transmit beam could possi-
bly be removed with accurate knowledge of the actual
beam pattern [ Woodman, 1997). The reader can view
Plate 1 as a horizontal slice of the atmosphere at the
ranges specified. Notice the improved resolution of
Capon’s method, where more detail is observed in
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Figure 4. Time-height profiles of (a) echo power, (b) zonal wind, and (c) meridional wind,
for the duration of the experiment. The profiles shown by the bold lines correspond to a
time of 2121 LT. Data close to this time period will be used for examples of the imaging

results.

the images, such as horizontal anisotropy. From the
images, it can be seen that the peak in the brightness
distribution can be shifted from vertical by as much
as ~1°, which compares well with angle-of-arrival
measurements using standard SI techniques [Chau
and Balsley, 1998]. Furthermore, because of the ef-

fect of the transmit beam pattern and the poor res-
olution of the Fourier-based method, the peak in the
brightness distribution for this method is “pulled” to-
ward zenith. Therefore the true atmospheric bright-
ness is not obtained. Since Capon’s method typically
produces a more narrow beam pattern, the effect of
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Figure 5. Detailed profiles from 2121 LT of (a) the horizontal wind field and (b) the echo
power, from zenith angles of 0°, 9°, and 20° . Notice the isotropic behavior in the region of
large vertical shear (2.0-3.5 km), where one would expect a well-mixed atmosphere. Another
interesting feature is the approximate westerly wind above the sheared region, which will be
used to explain characteristics of the imaging results.

the transmit beam is less significant. It should be
emphasized that the images presented here are for
zenith angles less than 4°. Therefore a direct com-
parison with the echo power profiles of Figure 5b is
not possible, since the zenith angles of the DBS ex-
periment are 0°, 9°, and 20°.

In order to test the frequency selectivity of coher-
ent radar imaging, we have used Capon’s method
over two specific velocity ranges. The results are
displayed in Plate 2 for the same altitudes of Plate 1.
In this case, the left image corresponds to negative
velocities, while the right image is averaged over pos-

itive velocities. For a horizontal flow, one would ex-
pect symmetry in the images along the direction of
the wind vector. At the range of 1.4 km, for example,
an approximate southwesterly wind was observed in
Figure 5. As expected, the images have peaks which
align approximately along the direction of the hor-
izontal wind vector. Vertical wind would have the
effect of shifting the images along the direction of
the horizontal wind vector. Of course, wind field in-
homogeneities would have an even more distorting
effect on the images. For altitudes above 3.8 km, the
images are aligned along the zonal direction, which
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7.4 km 8.6 km 9.8 km

6.2 km

Fourier—based

Capon's method

These images are of brightness distribution average over the velocity range

+1 m s~! within +4°above the middle and upper atmosphere (MU) radar site at eight

arbitrary altitudes.

Red colors correspond to highest brightness. As shown, images on

the left and right of each pair were obtained using Fourier-based and Capon imaging tech-
niques, respectively. Notice that Capon’s method seems to exhibit better resolution than

the Fourier-based method.

again corresponds to the approximate direction of
the horizontal wind flow. It should be noted that
the midpoint between the peaks of the images cor-
responding to positive and negative velocities should
be equivalent to the location of the peak observed
over the entire frequency range (see Plate 1). Since
this is approximately the case, confidence is gained
that the frequency selectivity capability of coherent
radar imaging functions as expected.

4.3. Vertical Cross Sections

Synoptic surface maps show that for the entire du-
ration of the experiment (5.5 hours), the stationary
front typically associated with the Baiu season was
present slightly to the north of the MU radar site
in Shigaraki. Furthermore, light stratiform precipi-
tation (1-3 mm h~!) was detected at the radar site
during the experiment, which is shown in Figure 6.



PALMER ET AL.: COHERENT RADAR IMAGING USING CAPON’S METHOD

5.0 km

3.8 km

2.6 km

1.4 km

-1to 0m/s Oto1 m/s

1595
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Plate 2. These images are a comparison of brightness distribution using Capon’s method
over two opposite velocity ranges and for the same altitudes as Plate 1. In each pair of
images, the left corresponds to an average over negative velocities (-1 +» 0 m s™!), while the
right represents positive velocities (0 <> +1 m s™1). Since the images correspond to opposite
velocity ranges, symmetry should be expected along the direction of the wind vector.

Owing to the stratified nature of this type of precipi-
tation, vertical cross sections of the atmosphere may
be more illustrative of the power of the technique,
than horizontal cross sections. Stratiform precip-
itation events associated with nimbostratus clouds
are usually characterized by updrafts with much less
magnitude than the terminal fall velocity of ice crys-
tals (1-2 m s™1). Therefore ice crystals that form in
the upper part of the cloud slowly fall toward Earth,
increasing their size through deposition well above
the freezing level. Just above the freezing level, ag-
gregation and riming can occur, causing increased

size in the ice crystals. The “bright band” is a term
used to describe the increase in meteorological radar
reflectivity seen when the ice crystals begin to melt.
The bright band has also been observed using MST
radars [e.g., Chilson et al., 1992].

Using the data described in the previous section,
Capon’s method has been used to image the strat-
iform precipitation event present during the experi-
ment. A sequence of eight vertical cross sections of
brightness distribution (along the zonal direction) is
presented in Plate 3. The figure corresponds to a
time of 1858 LT, which was chosen due to the rel-
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Figure 6. During the time of the experiment, strati-
form precipitation was observed at the MU radar site.
The precipitation intensity is in units of mm h™1.

atively heavy precipitation rate shown in Figure 6.

The vertical axis represents a range from 1.4 to
9.8 km, while the horizontal axis for each panel cor-
responds to zenith angles within +4°. The leftmost
panel presents the brightness distribution for down-
ward radial velocities centered at 7 m s~!, which
would correspond to large, liquid, hydrometeors in
stratiform precipitation. Notice that the red por-
tions of the image (higher brightness) are near the
surface and at small zenith angles. As mentioned
previously, one would expect larger precipitation par-
ticles to exist nearer the surface in stratiform precip-
itation. The zenith angle dependence is caused by
the transmit beam pattern. Above approximately
4 km, the image is not coherent, which exemplifies
the lack of precipitation particles with a 7 m s~ fall
velocity. As an aside, it should be emphasized that
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vertical images like the ones presented here would be
extremely useful in the interpretation of convective
precipitation. As the panels in Plate 3 are viewed
from left to right, precipitation particles correspond-
ing to progressively smaller fall velocities are imaged.
As expected in a nimbostratus cloud, notice that the
brightest altitudes move upward for smaller fall ve-
locities. In addition, the tilt of the frontal surface
as a function of height can be seen in the rightmost
panel corresponding to the clear-air echo. It is inter-
esting to note that the clear-air echo is not as bright
as those due to precipitation. This is undoubtedly
caused by the increased coherence in the precipita-
tion echoes over that of the more random CAT signal.

5. Conclusions

A general mathematical construct has been pre-
sented for the case of two-dimensional coherent radar
imaging. This generalization has placed the prob-
lem in terms of a linear filter interpretation, and it
was shown that Fourier-based imaging [Kudeki and
Siirici, 1991] is a special case of this formulation. By
adaptive minimization of the output power of the lin-
ear filter, we have applied Capon’s method [Capon,
1969] to the problem of imaging CAT and a strat-
iform precipitation event associated with the Baiu
season in Japan. Furthermore, Fourier-based imag-
ing was implemented for comparison, which illus-
trated the robustness and higher resolution capabil-
ities of Capon’s method. Horizontal maps of bright-
ness distribution demonstrated how coherent radar

Clear Air

-3 m/s

-2m/s -=1m/s

Plate 3. Shown is a sequence of eight vertical cross sections of brightness distribution,
obtained using Capon imaging, due to precipitation particles of various fall velocities and
clear-air turbulence along the zonal direction. The vertical axis range is from 1.4 to 9.8 km,
while the horizontal scale of each image is zenith angle, with limits of +£4°. From left to
right, the eight panels correspond to brightness distribution for the Doppler radial velocity
stated below each panel for a time of approximately 1858 LT.
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imaging might be used to study anisotropy of turbu-
lent structures. Vertical cross sections of brightness
distribution exemplified the power of the technique
for studies of stratiform precipitation.

Future work will include simulation studies of clear-
air turbulence and precipitation. Many other m l-

tidimensional imaging techniques are available and

should be thoroughly studied in order to find the
ideal choice [e.g., Kay, 1987; Stoica and Moses, 1997].
Simulations can also be used to find optimal antenna
configurations in terms of angular resolution and spa-
tial aliasing considerations.

Appendix: Brightness Distribution
Using Capon’s Method

The equations governing Capon’s imaging method
are derived under the premise that it is desirable to
minimize the brightness in all directions, with the
exception of the desired direction of k. This con-
strained minimization problem is stated mathemati-
cally in the following manner:

min B(k, f) subject to efw =1 (A1)

where

e=[ e*D1 ¢ikD: kD ]T (A2)
The linear constraint term efw can be viewed as the
spatial frequency response in the direction of k.
This problem can be solved using standard La-
grange methods [Luenberger, 1984]. Using the gen-
eral form of the brightness distribution given in (4),

define the Lagrangian as follows:
L(w,7) (A3)

where 7 is the Lagrange multiplier. If V is posi-
tive definite, the necessary and sufficient condition to
solve the constrained minimization problem stated in
(A1) is provided by the weight vector w which satis-
fies the following equation:

=wiVw + y(efw - 1)

L w, ) = (A0

Calculating this gradient, one arrives at the following
equation:

2Vw +ve =0 (A5)
The weight vector which minimizes the Lagrangian
is then given by the following, where a dependence
on the Lagrange multiplier is shown.
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(A6)

Ver1
w=—-—=V " "e
2

After substitution of (A6) into the linear constraint
etw = 1, the Lagrange multiplier can be obtained.
-2

7T etv-Te

Finally, the optimal weight vector is found to have

+tha fa11
the following form:

(A7)

V-le
efV-ie
The brightness distribution estimate using Capon’s
method is then obtained by substituting w¢ into (4),
resulting in the following simple equation:

Bo(k, f) = —<

SPxr—1

e'v “e
It should be noted that the only assumption needed
in the derivation is that V is positive definite, which
holds for the case of the cross-spectral matrix. The
form of B (k, f) is totally general and can be applied
to any data, irrespective of the expected structure of
the brightness distribution.

(A8)

Wo =

(A9)
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