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PREFACE

Dr. Sachidananda, the first author of this report, was a postdoctoral fellow
at CIMMS when this research was performed. He and Dr. Zrnié have collaborated on
several aspects of polarization studies including: 1) efficient methods of estim-
ating differential phase shift and differential reflectivity, 2) statistics of
differential'polarization measurements, 3) rain rate estimation from differential
phase measurements and 4) data analysis. These topics have found their way into
open literature. However certaiﬁ relevent ideas and latest results of data analy-
sis were confined to the authors and their desks. Because polarization measure-
ments with weather radars is an active field of research and because the National
Severe Storms Laboratory radar has a unique capability to record time series data
of alternately polarized echoes, the authors have decided to collect their notes
into a report. Alternating, horizontally and vertically polarized signals are a
common thread that joins these notes for the purpose to concisely and in one place
document the authors work and to share it with others that have interest in
weather radar polarimetry.

We appreciate the support given to us by both CIMMS and NSSL during the
course of this work. Special thanks go to Dr. Sasaki who arranged for the post-
doctoral postion, to Mr. Sirmans who was responsible for polarization incorpora-

tion and operation of the radar and to Dr. Doviak who reviewed the manuscript.



Characteristics of Echoes from Alternately Polarized Transmission

M. Sachidananda and D.S. Zrni;

1. Introduction

The differential reflectivity (ZDR) measurement advanced by Seliga and Bringi
[1976] has generated considerable interest among radar meteorologists as evidenced
by a large number of research publications. This is not suprising since the mea-
surement has potential to improve the accuracy of radar rain rate estimation.
Furthermore polarization diversity may lead to remote methods of hydrometeor iden-
tification in storms as evidenced by recent results of successful hail detec-
tion. Several research radars with dual linear polarization capability have been
built since; most recent among them is the NSSL's radar facility at Cimarron. The
capability of NSSL radar system to record complex echo sample time-series has made
it possible to estimate the differential propagation phase shift (¢DP) in addition
to the differential reflectivity; though not in real time.

A single polarized Doppler weather radar generally estimates first three
spectral moments of the echo signal from which the three commonly used radar
observables, namely the reflectivity (Z), the velocity (v) and the spectrum width
(ov) are derived. Whereas the reflectivity is roughly proportional to the inten-
sity of rainfall in the radar resolution volume, accurate estimation of the rain-
fall rate entails knowledge of the drop size distribution (DSD). Because of the
large variability in the DSD in natural rain, a simple Z-R relation based on an
assumed exponential DSD shape has met with limited success when determining the
rainfall rate with the same spatial and temporal resolution as the reflectivity

measurement.



The fact that raindrops, falling with the terminal velocity, have a definite
axis ratio (b/a) versus equivolumetric diameter (De) relation, has lead to the
possibility of estimating the DSD via the measurement of differential backscatter
properties of drops. The primary motivation for developing radars with Zpp Mmea-
surement capability has been the possibility of accurate rainfall rate estimation
with high spatial and temporal resolution. Other uses of the ZDR in identifying
hail and melting layer have been recognized later.

A more recent development is the measurement of the differential propagation
phase shift constant Knp» (Sachidananda and Zrnia, 1986). Théoretical analysis
showed that simple R(KDP) relation is much less sensitive to DSD variation than a
R(Z) or a R(ZH/ZDR) relation and thus should give accurate rainfall rate esti-
mates. First estimates of KDP have shown that it is plagued by various measure-
ment errors which limit its usefulness to very high rainfall rates. The spatial
distribution of Kpp estimates shows that there is a significant information con-
tent in the Kpp data field. One of the possible uses of differential phase mea-
surement would be for rainfall rate integration over an area. Because the total
differential phase shift (¢DP) 1s inherently an integral over the path length, we
need to estimate ¢DP only at two points along a radial from which the integral of
the rainfall rate along the path between the two points can be determined.

A dual polarized radar designed for ZDR measurement consists of a polariza-
tion switch added to a conventional single polarized radar system. Vertically and
horizontally polarized pulses are transmitted alternately and only co-polar
signals are received, allowing measurements only of the diagonal terms in the
back-scattering matrix. The Zpg 1s the ratio of mean sample powers received in
the horizontal and vertical polarizations. Tt is not necessary that the radar be
coherent for Zpgp measurement but for Doppler velocity and ¢DP measurement, coher-

ency is required.



Because the rain drops are oblate and nearly oriented with the axis of sym-
metry along the vertical, radar crosssection is different for the two polariza-
tions and so is the propagation constant through the rain medium. This reflects as
an amplitude and phase modulation of the time series samples at the polarization
switching frequency. The amplitude modulation index can be related to the ZDR and
the phase modulation to ¢DP' Weather signals generally have spectra which can be
approximated to a Gaussian shape. Due to the polarization switching and the con-
sequent modulation, the spectrum of radar signal with alternating polarization
exhibits two peaks separated by half the Nyqulst interval. This necessitates some
modifications in the normally used computational procedure for the estimation of
the reflectivity, the velocity and the spectrum width.

The estimation of spectral moments for a single polarized radar has been well
documented elsewhere (Doviak and Zrnié, 1984). This report primarily addresses
the modification in those standard procedures necessitated by the polarization

switching.

2. Radar echo signal with alternating polarization:

A pulsed Doppler radar system samples the echo signal at a fixed delay time
after a pulse is transmitted. The sample voltage 1s a composite of the backscat-—
tered signals from all the scatterers in the resolution volume and the range to
the resolution volume is obtained from the delay time. Representing the sample
voltages for the horizontally and the vertically polarized transmission by H and V
respectively, we can express the nth sample (H) and the (n + l)th sample (V) as a

summation of back-scattered signals from all scatters in the resolution volume.

Hy = K ] sy T exp (1)) (1.a)

i

_ i ol
Vn+1 =K % 5, I” exp [ JYV(H+1)] (1.b)



where yi’v(n) = z(ko + kh v)rn,i (2.a)
i
Yh,v(n+l) = z(ko + kh,v)rn,i + 2 (ko + kh,V)TSVi (2.b)

The summation index refers to the ith scatterer and the summation 1: over all

scatterers in the resolution volume. The subscripts h,v refer to the horizontal

and the vertical polarization respectively. TS is pulse repetition time, K is a

i

constant dependent on radar parameters, Sh.v
b

backscattering matrix and I; 1s the illumination function which contains the ini-

are the diagonal elements of the

tial transmitter phase wi. The propagation constants for vertically and horizon-
tally polarized fields are represented by (ko + k) and (k0 + kv) respectively,
with ko as the free space propagation constant. The range to the 1th gcatterer at
time (nTS) is represented by L and the average radial velocity of the ith

scatter in the time interval (nTS,(n+1)TS) by vy, so that rn+1,i= rn,i + Tgvie
Although Yi,v are complex, the imaginary part, which gives rise to attenuation
along the propagation path, is small at S-band frequencies, hence, is neglected in
our subsequent calculations.

Basically a sequence of these samples, known as the time series, is all that
a radar.provides, for each resolution volume and all the information about the
scatterers in the resolution volume is derived from it. In a single polarized
radar the most important meteorological information is obtained from the Ffirst
three moments of the Fourier transform i.e. the Doppler spectrum of this time
series. The reflectivity is calculated from the mean sample power or the zeroth
moment , meaﬁ radial velocity from the first moment of the normalized power spec-—
trum and the spectrum width, which is a measure of the turbulence and/or shear in

the resolution volume, is the square root of the second moment of the Doppler

spectrum about the mean radial velocity.

~



Because of the statistical nature of weather echoes, one needs to obtain
estimates of spectral moments using several samples. The mean sample power S 1is

estimated using

|2 - (3)

A
s=% 1 I8
1

where M is the number of samples averaged, and E; are echo sample voltages (either
H or V samples). To accomodate the large dynamic range of echo strengths, a log-
arithmic receiver is used and the samples obtained from the log receiver are inte—
grated to estimate the mean echo power (Fig. 1). The output of the integrator is
also used to control the gain of a linear receilver channel from which complex time
series samples are obtained.

The linear receiver output is made nearly constant by AGC voltage derived
from the log-recelver output. This is necessary to keep the output within the
dynamic range of the analog to digital converter. The output of the linear IF
channel is demodulated in a quadrature receiver and is sampled and digitized to
obtain in-phase (I) and quadrature-phase (Q) components of the sample (Fig. 1).
When these samples are used for calculating the reflectivity it is required to
calibrate each gate (both I and Q channels). If a mean calibratioun curve is used,
the estimated mean sample power can be in error by as much as #3dB. A simple way
is to determine the gain of I and Q channels for each gate as a function of AGC
voltage. It is common practice to use discrete AGC levels (64 levels) thus, only
a fixed number of gain readings need be stored for use in the reflectivity calcu-
lation.

The mean radial velocity and spectrum width can be estimated using autoco-
variance processing, which 1is simpler computationally and cost-wise, than the

spectral processing. In the autocovariance method the mean velocity is'given by
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Figure 1. Schematic of a Doppler radar that can transmit signals with alter-
nating polarization.
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v o= - (A/4ﬂTs)arg[R(TS)] (&)
where the autocorrelation estimate R(TS) for lag time TS is

o) M
R(T) =+ § EE (5)
s M =1 i7i+1"

The spectrum width is also calculated from R(TS) and S using

~ Y2.v - H§ ~
o = a ‘ 2n[—£—), sgn[lnﬂ—g—)] (6)
v |R| IR]

where v, is the Nyquist veloecity equal to A/TS. A detailed treatment of estimators
of Z, v and Gv and their standard errors, is given in Doviak and Zrni; (1984).

A dual linear polarized radar provides two more parameters of interest to the
meteorologist. They are the differential reflectivity (ZDR) and the differential
propagation phase shift (¢DP). The alternate polarization switching, which
enables us to estimate ’these two additional polarization dependent parameters,
also affects the estimation of the three conventional parameters. 1In the follow-

ing the estimation of each of these five radar observables using the dual polar-

ized radar, is discussed.

3. Estimation of Radar Observables:

3.1. Reflectivity and differential reflectivity:

The érimary intended use of the ZDR is for accurate rainfall estimation. To
estimate the rainfall rate more accurately using the ZDR-method, than that given
by a R(Z) relation, it is required to estimate Zpg to an accuracy of 0.1 dB and
the reflectivity for the horizontally polarized field (ZH)’ to an accuracy of 1
dBZ (Sachidananda and Zrni;, 1985). So, the number of samples required 1s

dictated by these accuracy requirements. Figures 2 and 3 show the standard errors
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A

Gz and GDR-in ZH and ZDR estimates respectively, as a function of the number of

samples averaged. The spectrum width of the signal is shown as a parameter. It
is obvious from a comparison of these two figures that the standard error in ZpR

dictates the number of samples required for improved rain rate estimationm.

The mean sample powers SH and S for the two polarizationé have to be cal-

v
culated separately to estimate ZDR' If samples from the linear receiver are
used, ZH and ZDR are estimated from
A 1 M 2
S = L Byl (7)
i=]
~ M
o1 2
Sy =% L 1Voqh] (8)
i=] N
and Zye = 10 log (=) (aB) (9)
SV

Here, M is the number of sample pairs. It may be noted that the number of samples
available for éH or §V estimation is half that available in a single polarized
radar, in the same time interval. However, the increase in the standard error due
to this reduced number is usually insignificant because, for a sufficiently large
M, the standard error is a function of the total sampling time and the decorrela-
tion time of the signal, which remain unaltered.

An alternate way to implement ZDR estimation is to separate H and V samples
from the log-receiver and integrate them to obtain Zy and Zy. This procedure has

A

the disadvantage of an iIncreased standard error by a factor of about 2 in the ZDR
(Bringi et al, 1983), which necessitates further increase in the number of sample
pairs M. The square law estimator (eqns. 7, 8, 9) has the lowest standard error,
thus, in view of the faster scan rate requirements to keep the data update time
small, 1t would be desirable to implement the square law estimator. The log-

receiver and integrators may still be required to obtain the gain control voltage

for the linear channels or other methods for gain control must be employed.
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If the antenna patterns and the transmitted powers in the two polarizations
were perfectly matched, the iDR would not have any bias eror. But, accurate cali-
bration is required for the %H’ because both EH and EDR are used in R estimation.
It is normal practice to use a mean calibration curve for all integrator samples,
in the calculation of the reflectivity factor. On the CIM radar the receiver
gains for each of the sixteen range gates may be different. Although this dif-
ference was found to be less than 2 dB we have used individual calibration curves
for each range gate. The output itself is quantized at approximately 1 dB inter-
vals. Thus, the reflectivity estimates would have a quantization error and could
have a calibration error due to the variations in the individual integrator chan-
nel gains about the mean calibration. These errors become particularly important
for R estimation, and ha&e to be reduced by increasing the number of quantization
levels and if needed by using individual calibration curves for each range gate.

The calibration procedure steps the AGC amplifiers control voltage through
all the levels and records M number of I and Q samples for each gate and for each
AGC level. From this record we can calculate the gain of each I and Q channel for
each range gate. 1In the calibration record, let P, (mW) be the input power, I'i
and Q'i are the ith digitized sample components and A, the AGC number. According
to the statistical properties of I and Q samples, their mean value is zero, and if
a dc component is present in the measured sample values it would be due to the
amplifier dc offset or ground clutter. So, first the dc bias is removed from the

I and Q samples. The corrected set of samples are:

LM
I =T ‘ﬁizl Ty
M (10)
1
Qg =Q,-%+ I «
i I
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The power gain of each channel can be calculated as:

M
2 2
6r(A) =5~ 1 T
n i=1
. (11)
G,(A) =35 1 0
Q n i=1

These gain calibration values are stored in the computer memory and used in esti-

mating the received mean sample power P.:

;1,2 7ot
1 i i
P == + (mW) (12)
r°M TG G,

When polarization is switched between the horizontal and the vertical direc-

tions, I Q and IV,QV samples are processed separately for dc removal. It may

H,

be noted that because H and V samples individually have a repetition time equal to

2T the Nyquist component also gets eliminated in the process of dec removal.

S’

3.2 Mean radial velocity and differential propagation phase shift:

The mean radial velocity and the differential propagation phase shift are
obtained from phases of the received echo samples. The weather echo sample spec-
tra can be approximated by a Gaussian shape in most cases. For such spectra the
mean radial velocity, v, and the spectrum width Gv’ are estimated using the auto-
covariance and the mean sample power estimates (eqns. 4, 6). Estimators (4) and
(8) do not perform satisfactorily when applied to alternately polarized radar
signals. The reason for this is clear from an examination of the Doppler spectra
of these signals. 1In figure 4 a typical spectrum obtained from the time series
record of the NSSL's dual polarized radar is shown. The echo is from a region of
high reflectivity and large signal to noise ratio (SNR > 20 dB) so that the
weather spectral powers are well above the nearly zero noise level. The number of
samples used for FFT is 256 and the magnitudes of the Fourier coefficients are

plotted on a normalized linear vertical scale.
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We see that the spectrum has two peaks separated by the Nyquist velocity and
the two halves of the spectrum (at positive and negative velocitles) are remark-
ably similar in shape, except for an amplitude difference. The radar cross sec-
tion of the hydrometeor scatterers is different for the two polarizations thus,
the amplitude modulation of the signal., Clearly the polarization switching has
modulated the echo signal and altered the signal spectrum. 1In order to recover
the mean velocity we should know the nature of the spectrum before modulation.
Similarly, the total propagation phase shift of the signal from the radar antenna
to the resolution volume and back to the radar is also different for the two
polarizations giving rise to a phase modulation of the signal. To understand the
effect of modulation on the spec;ralvshape, let us modulate, in phase and ampli-
tude, a narrow band signal, and examine the resulting spectrum. Let V(iTS) be
complex voltage samples of a signal without modulation at time (iTS) and a(k) be
the kth complex Fourier coefficient obtained by a DFT operation. Then, using the

inverse DFT operation, we can write:

V(T = yed2mik/ (13)

=]~

M-1
Y alk
k=0
Because the spectrum is narrow compared to the Nyquist interval, the coefficients
a(k) are non—zero only in a narrow region centered around k=k1 corresponding to

i
the mean Doppler frequency of the signal. Let ez(_l)

be the modulation sequence
where the real part of the complex exponent z = (a + jB) represents amplitude
modulation and the imaginary part the phase modulation. Thus 40alog(e) is the
expected value of differential reflectivity and 28 the expected value of differen-

tial phase. The spectral coefficients of the modulated sequence s(k) are repre-

sented as:

M '
st = var e e d2mik/M (14)

i=1
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Substituting (13) in (14) we have

Mil a(z)ejzwi(z_k)/M ez(—l)i o

1 2=0

s(k) =

[

i

which can be reduced to

s(k) = a(k)cosh(z) + a(k+%) sinh(z) (16)
Similarly the spectral coefficient s(k+%) is:

s(k+%) = a(k)sinh(z) + a(k+%)cosh(z). (17)

Because of our assumption of a narrow spectrum, either a(k) or a(k +-%) would be
zero, (this condition may not be exactly satisfied in the actual radar signal
because of the noise and the window effect, but would be nearly satisfied in most
cases) but after modulation the spectral coefficients s(k) and s(k +-%) would have
significant magnitudes. 1In fact, the power in the coefficient a(k) of the origi-
nal spectrum is divided between the two coefficients s(k) and s(k + %O of the
modified spectrum. Thus, a replica of the original spectrum shape appears in the
modified spectrum and is centered at (k1+ %b corresponding to a mean velocity
viv,. Figure 5 shows graphically the effect of modulatiom. It can be shown that
when amplitude modulation is present and there is no phase modulation the complex
spectral coefficients of the modulated signals s(k) and s(k + M/2) will have the
same phase. With phase only modulation the phase difference between s(k) and s(k
+ M/2) will be 90°, the amount of phase modulation determines the relative magni-
tudes of these two spectral coefficients.

If we use spectral processing (Zrnic, 1979) to recover the mean radial velo-
city and the spectrum width we would get a velocity equal to v or ViV, but the

width can be recovered if a provison is made to recognize the two distinct

b
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spectra. 1In figure 6 we have shown typical spectra of H and V samples taken sepa-
rately. Note that because there are only half the number of samples in each of
the sample sequences the PRT is twice that for the combined signal and, the
Nyquist interval is also halved in spectra. The remarkable similarity of the
shape of H and V spectra indicates that the two sequences have a very high cor-
relation. The same shape 1s nearly reproduced in the combined spectra (see Fig.
4) hence, it is possible to estimate the mean velocity and spectrum width using
only half the spectrum, but with an ambiguity in the estimated mean velocity.
Additional information is needed to resolve this ambiguity.

In an ideal case, where the modulation function z (see eq. 14) is a constant,
one can determine z and hence the original sample series V(iTs) can be recovered.’
The recovery of z seems simple from equations (16) and (17) in which a(k) or a(k
+-%) is assumed to be zero. However, because of noise and the window effect, both
a(k) and a(k +-%) are non-zero. Thus, to recover z a more elaborate analysis is
required. The problem is further complicated by statistical perturbations present
in the modulation function z. Figure 7 shows some typical spectra with low SNR,
from which it 1is clear that recovery of z from a pair of spectral coefficients
separated by M/2 coefficients is not always possible.

Because of the large computation required in the case of spectral processing,
most radars use the simpler autocovariance processing (pulse pair) for mean velo-
city and spectrum width estimation. Equation (4) uses only the phase of the auto-
correlation estimate in calculating the velocity, whereas, the spectrum width
calculation uses the magnitude information (eq. 6). We shall see how the polari-

zation switching affects the autocorrelation.
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With alternate polarization switching, the autocorrelation estimate using the

conventional (pulse pair) processor can be expressed as:

(18)

o 1 * *
R(T) = (8%, Voy ) + 0 2141%142)

[ =
[T A
] [\ V]

Summing the two products in (18) separately and representing them by Ra and Rb we

have
ﬁ(T) =ED%ZH*V (19
a'’s M 21 2i+1
i=1
~ M/2
-2 *
RC(T) =5 L Voi B (20)
i=1
-~ _ 1 ~ A
and R(TS) -3 [Ra+ Rb] (21)
A A *
True values of estimates R and Rb are the expected values of products H V
a n n+l
and Vsz_1 respectively. Using equation (1) we can write Ra as:

R ] ] <sksd T ¢ exp{il¥L(n) = vi(a+D)]} > (22)
i \'4 v

2

Because the resolution volume dimensions are large compared to the wave-

length, Y; v(n) are uniformly distributed over (0-2m). Hence, the expectation of
b

the exponential in (22) is zero except when i=%, reducing the double summation to

a single summation.

2

R, =% ] < atsls |7, 1% <exp{ 120k ~k )r_ 20k + T v 1} > (23)
i ]

The term 2<kh'kv)rn,i has a narrow distribution about 2(kh—kv)ro, where r, is the

range to the center of resolution veclume, and the term ZTS(k°+kv)vi has a narrow
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distribution about 2Ts(k0+kv)v, where v is the mean velocity. Thus, the expected

value of the exponential reduces (23) to:
R = K Y ¢lghs |12| exp {3[2T (k +k v + 2(k_ - k )r ]} (24)
a i h'v i s 0 Vv kh v’ o
Similarly we can derive Ry as
=127 <s* s Iy |1, |% expljl2T_(k + k v-2(k - k )r 1} (25)
Rb 1 v "h i s o kh kh v’ o
It is evident from (24) and (25) that the phase of R, is the sum of phases due to
the Doppler shift, wd = 2Ts(k0 + kh)v, and the two way differential propagation

phase shift, ¢__ = 2(kh - kv)ro, whereas the phase of Ry is the Doppler phase, wd’

DP
minus the ¢DP' Thus, we can write the expected (or true) R(Tg) as:
W, + ép) FJW= )
1 d DP d DP
R(T,) = E{IRaIe + [R,Je ] (26)
The magnitudes of R, and Ry are equal, and we can simplify (26) to:

R(T ) = |Ra| cos (¢DP)ejwd (27)

This equation holds approximately for the estimates as well. Thus, we can esti-
mate the Doppler phase shift wd using the conventional autocovariance processor
only when ¢DP is less than 90°. When ¢DP approaches 90°, we see that the magni-
tude of R(TS) tends to =zero, hence, the recovered mean velocity would be very
noisy around ¢DP = 90°, When ¢DP is greater than 90° it is easy to see from (27)
that the estimated velocity would be off by vy (i.e., wd is shifted by 180°,
making, for example, a small positive velocity appear as large negative velocity).
However, this ambiguity can be resolved 1f ¢DP is also estimated. From the

theory, we know that ¢DP is always positive for the rain medium because rain drops

are oblate with their axis of rotational symmetry aligned along the vertical and
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most of the propagation phase shift is in the rain medium. On the other hand if
hydrometeors are primarily composed of ice ﬁhe differential phase shift is
expected to be small (|¢DP| << 90°). In figure 8.a we show conventionally pro-
cessed pulse pair velocity estimates along a radial. The corres; onding integrator
output record and the spectrum width estimates from the pulse pair processor are
shown in figures 8.b and 8.c. Noté the nearly constant but large spectrum width
estimates (fig. 8.c) from the conventional pulse pair estimator due to the modula-
tion discussed earlier. The noisy velocities in the figure 8.a for ranges less
than 30 km and greater than 80 km are due to the low SNR as can be inferred from
the integrator output (fig. 8.b) which is proportional to the received echo power.
A discontinuity in the wvelocity around 45 km range is attributed to the differen-
tial propagation phase shift, Note also the noisy region around the point of
discontinuity where the SNR is not small. From our analysis we can infer that the
differential propagation phase shift is around 90° in the region of discontinuity.
This is clearly shown in the figure 8.d, in which we have plotted: 1) the conven—
tional pulse pair velocity estimate (eqn. 4), 2) the velocity derived from a modi-
fied estimator (eq. 30 - discussed later in this section) and 3) the corresponding

differential propagation phase shift ¢ along a radial; all parameters have been

DP’

calculated from the time series records. Note that the conventional pulse pair
estimator and the modified estimator give the same velocity value as long as ¢DP

A

is less than 90°; when ¢DP = 90° conventional pulse pair estimates become noisy

and for ¢DP > 90°, the velocity shifts by v,, the Nyquist velocity.
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Velocity estimates along a radial obtained by a hard wired conven-—
tional pulse pair processor.
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Spectrum width record from the conventional pulse pair processor,

for the same radial as in fig. 8.a.

-3%.

. E " T v v v M T ¥ v v A v 5
[ CONVENTIONAL 3
. -E PULSE PAIR 3
E 2 } ] VELOCITY 3
t 0. E w‘- =
S : ]
O 17k MODIFIED 3
] 3 PULSE PAIR 3
~ 3 VELOCITY 3
-3 C i L 2 i L I 1 L 1 L 1 L 1 A i N i A 2 .

- 38, 43 48. S3

120. 3 Y ™ T 3
0. f 3

g; 100. £ 3
T go. E h ALY 3
. F WV :
0 80.F 3
- E E
70-E 3

S - L i ' L 1 A L A i 1 I i 1 L )3 L i i 1 3
%3. 38. 43. 48. S3.

RANGE (km)

A comparison of velocity estimates from the conventional pulse pair

estimator (4) and the modified estimator (30). The
ponding ¢DP estimates are also shown.

corres-—

g



23

The modified estimator is able to extract correct velocity for the complete
range interval. It not only removes the noisy band in the velocity estimate but
also enables us to resolve the velocity ambiguity. The estimator requires sepa-
rate calculation of R, and Ry and determinion of ¢DP' A suggested estimator

for ¢DP is (Sachidananda and Zrnié, 1986):

A

opp = % arg(RaR;;) (28)

A

The number of sample pairs required to achieve a 1° standard error in ¢DP using
(28) is approximately 30 to 40 (Sachidananda and Zrnié, 1986). Figure 9 gives the
standard error performance of the estimator versus the number of sample pairs

A

averaged to determine Ra and ﬁb'

It appears that (28) gives ambiguous $DP when the actual value 1is outside a
180° interval, but it is easy to resolve this ambiguity knowing the information
that ¢DP is always positive 1n the rain medium and is a monotonically increasing
function of the range. If the differential phase shift in the radar system is
adjusted to zero, ¢DP would have a value 0° for a clear path and starts increasing
only when the propagation path encounters precipitation. Thus, it is tempting to
locate the unambiguous 180° interval from 0° to 180° and use continuity of ¢DP in
range to correct the ambiguity whenever two consecutive values differ by a large

DP

uncertainty may produce small negative values and these mustn't be changed. This

amount (e.g. more than 90°). But at close range when ¢ is small statistical
suggests that range dependent correction procedure should be used on ¢DP data.
An estimator similar to (28) for mean velocity estimation could be:

A v A A
= -2
v = - o arg (RaRb) (29)
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Here, it is not easy to resolve the ambiguity because the actual velocity can be

in the interval tva (when there is no velocity aliasing) but (29) gives velocity

values within iva/Z. Since, we have already determined ¢ velocity can be

pp?

recovered unambiguously using:

<

v = - Fi [arg (ia) - JDP] ) (30)
where $DP is a positive (corrected value).

Although tﬁe number of pulse pair products averaged in §a and ﬁb are half
that would be available in the case of a single polarized radar, the variance of
the estimates 1s nearly the same becéuse for a sufficiently large M the variance
is mainly a function of the decorrelation time and the total sampling period,
which are the same in both cases [(for var(;) see Zrnia, 1979].

In figures (10.a) through (10.d) we show some plots of consecutive complex

*

) and (Vy  Hy o

*
product vectors (HiV ), for a few time series records. Each

i+]
point corresponds to the tip of a product vector and the axis are in arbitrary
units. The figures clearly indicate that the product vectors form two distinct
groups; In fact, all the vectors in the upper half are (H*V) products and the
ones in the lower half are (V*H) products; the mean of these two groups repre-
sent &a and ﬁb respectively. The remarkable similarity in the pattern of distri-
bution of the component wvectors of ﬁa and §b is due to the high correlation bet-
ween H and V samples (|pHV(O)|2“ 0.995). The inference from (27) that the mean
velocity estimate would be noisy when ¢DP is near 90°, 1is obvious from these
figures. When ¢DP = 90° the two mean vectors ﬁa and ﬁb would exactly oppose each

other making the sum of the vectors nearly zero. The angular spread of the compo-

nent vectors in each group 1s a measure of the spectrum width of the signal.
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3.3. Spectrum Width:

Weather signals normally -have Gaussian power spectra for which the correla-

tion coefficient for m pulse lag, p(mTé) is (Zrnié 1977):

2 1

) o2 2 2,2 » s anme
p(mTS) = exp(-8m o, TS m~/A°) exp( JandTSm) + Sm SNR (31)

where 9, is the spectrum width in (ms'l) and fd is the mean Doppler frequency.

In a radar with alternating polarization, samples of equal polarization are
available only at a PRT of 2TS, thus, p(mTS) can be calcqlated for even values of
M The spectrum width cv can be estimated with an estimator which uses i (ZTS)
(see Zrnié 1979), but additional computation is required to estimate R(ZTS).
Further, the estimator wusing ﬁ(ZTS) does not perform as well, compared to the
estimator using ﬁ(TS). 1t would be preferable, computationally and accuracy-wise,
to estimate 9, from ia(Ts) which is readily available from the pulse pair velocity
processor.,

We can express the autocorrelation R, as

R(T) =< H = ( 72
a( S) =<HV, > = SHSV) rHV(TS) (32)

i+l

where SH,V are the mean sample powers of H and V samples respectively and ryy is
the correlation coefficient for H and V pair. The samples Hy and Vi+m decorrelate
mainly due to (a) the Doppler spread and (b) the drop shape and canting angle
distribution (Sachidananda and Zrnié, 1985). Because these two processes can be

assumed to be statistically independent, we can write:
R(T) = (5,5)20(T.) o, (T) (33)
a s HV s HV: s

where p(TS) is the correlation coefficient due to the Doppler spread, and pHV(Ts)

is the correlation coefficient arising from drop shape and canting angle
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distribution. We can approximate pHV(TS) ~ pHV(O) because the changes in the
distribution of drop shape and canting angle are small over the sampling time,
thus, can be assumed to be independent of time. TIn most cases lpHV(O)I is nearly

unity (>0.997) hence, the spectrum width can be estimated from the formula:

PR 7 e 1/2
R Y 2v S..S 2 S.S
o = “a o | HV ] sgn[lnﬂfgiji—ﬂ ] (34)

IR, R | IR R |
Note that (34) is derived from the conventional spectrum width estimator by
A A A 1 ~ A A 1 P
replacing R by IRaRbIAZ and S by (SHSV)/2° For a sufficiently large M, lRaI and
leI are identical thus, the performance of this estimator would be nearly the

same as the conventional one.

3.4 A signal processing scheme for echoes with alternating pclarization

Figure 11 1is a signal processing schematic for a radar with alternating
polarization; it incorporates all the modifications suggested in previous sec—
tions. The EDR is derived using a square law estimator which has much lower stan-
dard error than a logarithmic estimator. The reflectivity 1is also derived from T
and Q samples. Note the additional accumulator in the reflectivity processor and
in the pulse pair processor, to store the values for the two polarizationms sepa-
rately., The calculation procedure for the mean velocity and the spectrum width

should proceed as in (30) and (34).

4. Analysis of radar signals and some observations

In this sectlion, we discuss several considerations that require attention in
order to correctly interpret echo properties. Prominent among these are sidelobe
contamination, sample correlation, spectral shape etc. which can affect accuracy
of scatter matrix estimation. For the most part, we have compliled a large number

of figures derived from data in one sector sweep. A number of observations have

g
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been made with some discussion on the possible interpretations, but these are
mosfly inconclusive, In many cases further work is needed to arrive at any
definite conclusions. So, the reader may find this section somewhat disconnected,
sometimes speculative, and touching upon several observations. However, we hope
that the observations made herein provide enough food for thought and would aid in

identifying areas for further investigation.

4.1. Side lobe contamination:

It 1s generally an accepted practice to estimate the radar observables from
the received signal samples and assign them to the radar resolution volume. But,
this 1is strictly valid only when an antenna pattern is an ideal sector beam of
finite width with no side lobes and the range welghting function is similarly
limited. 1In this section we shall confine our attention only to the antenna. A
concise discussion of side lobe effects on multiparameter radar measurements was
performed by Johnson (1984),

Practical antennas have side lobes spread over a large solid angle compared
to the narrow main beam; and considering the large dynamic range of weather
signals (® 80 dB) and the large spatial extent of the distribution of scatterers,
the power received through the antenna side lobes can be a significant fraction of
or even larger than the echo power received through the main lobe. To get an idea
of the order of magnitude of the side lobe power relative to the main lobe power,
let us take, for example, a hypothetical antenna power pattern with 1° main beam
width and a uniform -30 dB side 1lobe spread over an angular sector £15° in both
horizontal and vertical planes. Though the pattern shape is unrealistic, the
magnitude of angles and side lobe levels approximately corresponds to that found
in a practical weather radar antenna; perhaps a little on the conservative side.

If the £15° angular sector containing mainbeam and side lobes 1is completely
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covered by scatterers with uniform reflectivity, we would get a main lobe to side

lobe signal power ratio, = 30.5 db. This implies that the main lobe signal

Png
and the side lobe signal would have equal powers (pmS = 0 dB) when the main beam
is pointing in a direction of reflectivity factor 30.5 dBZ lower than the mean
reflectivity factor of the +15° sector.

Now, let us suppose that the antenna 1is pointing nearly in a horizontal
direction (low elevation) and the range gate is at 50 km. Further, if we assume a
rain filled region approximately to a height of 2 km from the ground, the vertical
angular coverage of the scatterers is approximately 2-3°, much less than the +15°

sector of the side lobes. Thus, would be approximately equal to 41.5 dB. At

Pns
shorter ranges the regular sector in the vertical direction increases, hence, ppq
would be lower. It may be noted that in practice the angular sector of the storm
as well as the antenna side lobes can be much larger, resulting in lower p .
values.

With a Pns of 10 dB the reflectivity factor would be overestimated by about
0.4 dBZ which is much less than the 1 dB standard error of most reflectivity esti-
mates in practical radars. It appears that reflectivity is not very seriously
affected by the side lobes; at least in the high reflectivity region of the storm.

The effect of side lobes on the Z,, estimate is more serious than that on
reflectivity'ZH. Although the main lobes of the antenna patterns for the horizon-
tal and the vertical polarizations can be made to match reasonably well, it is
very difficult to match the side lobes, and matching the side lobes would not be
of much help either. If the main lobe and side lobes are matched for the two
polarizations, the scatterers illuminated by side lobes must have the same Zpp as

that of the scatterers illuminated by the mainbeam, in order that the estimated

Zpg 1is error free. Otherwise there would be some bias error depending on the
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difference 1in the Zpgr values of scatterers in the main beam and side lobes and
their relative powers. When the side lobes are not matched, the side lobe powers
in the vertical and the horizontal polarizations differ not only because of the
ZDK of the scatterers, but also due to the different antenna pattern weighting in
each polarization. 1In the presence of side lobe signal, we can represent the Znr

estimate as:

- P + P
ZDR = 10 log [Aim—.\Hs—] (35)
Pym * Pys

where supscripts H,V represent polarizations and m,s represent the main lobe and
side lobes respectively. It is clear from (35) that the Zpg estimate would not be

affected if the main lobe to side lobe signal power ratio, is the same for

Png o
both polarizations. It is simple to see that the difference in the over—estimate
of ZH and Zy (in dBZ), due to the side lobe signal, appears as the error in Zpr
estimate. Thus, if ZH is over-estimated by 0.4 dB (pms = 10 dB) and ZV is over-
estimated by 0.2 dB (pmS = 13 dB), Zpgp Would be in error by +0.2 dB.

It may be noted that the side lobe signal always contributes to overestimates
of Zy and Zy, while the error in Zpgp can be positive or negative. It is reason-
able to assume that the spatial distribution of the error due to side lobe signal
is random thus one can reduce the side lobe bias error in ZDR by spatial averag-
ing. In general, for a storm with 55 dBZ peak reflectivity core one can expect a
side lobe bias error in ZDR in the order of 0.2 dB or more at the edges of the
storm with reflectivities less than about 25 dBZ, if no averaging is employed.

The effect of side lobe contamination on the phase of the signal is much more
severe than that on Zy and ZpRr» which are functions of the sample power. Thus the
differential propagation phase shift is much more susceptible to side lobe contam-—

ination. The following analysis provides some idea about the order of magnitude

of the error in phase estimation due to the side lobe signal.

Mg
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Because different scatterers contribute to the main lobe and side lobe sig-
nals, we can assume them to be statistically independent. Thus, we can write
autocorrelation as a sum of autocorrelations for the main lobe signal and the side

-

lobe signal. Thus, the autocorrelations Ra and Rb (see eqns. 19, 20) can be writ-

ten as:
R M/2
2 *
RAT) =5 L HyVoiy
i=1
= Ram + RaS (36)
d R (T ) =2 MZ/Z v, &
an By (Te) =% L Vo141 Bogeo

>

Rum * oo (37)

where the subseripts m,s refer to the main lobe and side lobe respectively. Note
that the two autocorrelations Ram’ RaS add vectorially. Thus, the phase error due

to the presence of the side lobe signal is maximum when the two autocorrelations

are orthogonal to each other, assuming the side lobe signal to be smaller than the

main Llobe signal. Let us examine the expected (or true) value of the pro-

duct RaRb , and its argument from which ¢DP is obtained.
* G, =) oS, = v

R R - ['R | DP d + IR Ie DP d ]

ab am as

Jlor, + 9% Jn, + ¥

DP d DP d
% [|Rbm| + les|e ] (38)

In (38) single prime (') represents the phase of the maln lobe signal and double
prime (") represents the phase of the side lobe signal. Dividing (38)

by IRamIIRme and simplifying we have:
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2 12pp
e

-’—I——l-——]-=e + p
Ram Rbm me

- Jor + ¢7)
+ pm; 2cos(wé - wa) e DP bp

(39

where Pps 1s the main lobe to side lobe signal power ratio. Further, we have made

« For Pms

use of the identities [R | = R, [, [R ] = |Ryg| and ppg = [R_|/IR__
sufficiently large we can neglect the second term in (39); the last term is the
major contributor to the phase error. 1In the worst case, when the cosine term is
unity and the first and the third terms are in phase quadrature, the phase error
in ¢DP would be equal to 0.5 tan—l(p;; ).

If ¢DP is to be useful in rainfall rate estimation, we need an accuracy of
about 0.5° in the estimate. To guarantee this accuracy p . has to be 18 dB. This
limit is very difficult to achieve in practice, except in regions of uniform
reflectivity or with exceptionally good antennas.

The relative estimation accuracy required of the mean velocity is an order of
magnitude less; approximately ! m s™l in the unambiguous interval of 68 m s~}
would be acceptable in most cases. Although mean velocity estimator (30) uses
only ﬁa’ a simple calculation shows that the maximum phase error in the case of
velocity estimation 1is approximately equal to tan_l(p;;). For an wunambiguous
velocity v, = 34 ws~! and a maximum side lobe bias error of 1 m s'l, the tolerable
phase error is 5.3° which can be achieved if Pus is larger than about 10 dB.

Figures 12.a to 12.d show some examples of side lobe contamination in the
estimated differential propagation phase shift ¢DP' Each figure is a plot of Zys
ZDR' and ¢DP along a radial sampled at intervals of 150 m. From the statistics
of ¢DP estimator (Fig. 9) we expect that, for 128 sample pairs used in estimating

all three parameters, theoretically predicted standard error should be less than

0.5%°. Further, ¢DP is a monotonically increasing function of the range because it
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is the total two-way differential propagation phase shift between the radar and
the resolution volume. We see that ¢DP is very noisy, although in the higher
reflectivity regions the mean increases monotonically with range. This noise is
at times as much as -+5°. It is also obvious that the side lobe error in $DP can
be reduced by range averaging only when reflectivity is larger than approximately

30 dBZ. At lower reflectivities the error is too large to be removed by smooth-

ing.

4.2, Reflectivity gradient

Fig. (13.a) is a scattergram of the differential reflectivity Z,p versus the
reflectivity Zy data from a single sector scan of an approximately 15 x 15 km
area. The data was collected using NSSL's Cimarron radar on May 20, 1985. The
scan time is from 15:30:27 to 15:31:46. The azimuth sector is from 192° to 212°
and the elevation angle is 1.1°. The data is from the range gates between 35 and
52 kme.

The data shows a large scatter; much larger than is expected if the drop size
distribution (DSD) were representable by a general gamma DSD with a reasonable
variation in the parameters (see: Sachidananda and Zrnié, 1986 for a detailed
discussion). The scatter at low reflectivities (< 20 dBZ) may be due to side lobe
signal but at higher reflectivities, it 1is due to DSD variations and the uncer-
tainty in the equilibrium shape of drops. We will not dwell on this aspect of DSD
variability any further. More details can be found in the above mentioned refer-
ence.

However, we would like to record an observation made during the analysis of
the data. While plotting the scattergram from the data, radial by radial as the
radar scans, we noticed that all the points in the regions of increasing reflecti-

vity gradient have consistently higher Zpp than for a corresponding reflectivity
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in the region of decreasing reflectivity gradient, as seen from the radar along a
radial. We have separated these two sets of data in figs. 13.b and 13.c, one from
the region of increasing gradient (Fig. 13.b) and the other from the decreasing
sradient region (fig. 13.c). The data was smoothed over 16 range gates (2.4 km)
to get the pattern more clearly. Although most of the points fall in a common
region, a distinct positive scatter only in the increasing reflectivity gradient
(fig. 13.b) suggests that the reflectivity gradient has something to do with these
higher Zpr values,

A similar but slightly more pronounced effect is observed in the case of dif-
ferential propagation phase shift constant Kpp versus Zy scattergram. Fig. l4.a
is a scattergram of the data from the same storm as in fig (13.a) but taken at an
earlier time. The scan time is from 15:13:09 to 15:14:27 and the elevation angle
is 0.1°. The data is averaged over 16 gates (2.4 km) before plotting. The next
two figures give the same data divided into two regions; increasing reflectivity
gradient (Fig. 14.b) and decreasing reflectivity gradient (Fig. 14.c5. Here the
positive and negative scatter is very clearly shown, although most of the points
are in a common region. It is interesting to note that many of the points of
large deviation from the mean form a continuous trace and are from individual
radials. At low reflectivities (< 30 dBZ) there can be a large scatter due to the
side lobe signal, but these individual traces are present even at large reflec-
tivities. The large scatter at lower reflectivities (< 30 dBZ), which is most
likely due to the side lobe contamination, also clearly splits into two halves
(compare figs. l4.a,b,c). This is puzzling because we would expect the side lobe
error to be random.

The causes for the apparent dependency of Zprs ¢ on the reflectivity gradi-

DR

ents 1s not known. It could be that the dynamic process going on inside the storm
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causes a higher concentration of bigger drops in the leading edge of the storm
(NE) than at the trailing edge (SW), thus the ZpR is higher at the leading edge of
the storm. Also there could be an equipment anomaly that we are not aware of.

To determine which cause 1s responsible f£or the observed gradient effect, we
need to collect and analyze data from leading and trailing edges of storms at
opposite aspect angles. Unfortunately, all the records presently available are in
one category, Zy increasing with range in the leading and decreasing in the trail-

ing edge.

4,3, Time series records:

Radar data recorded on May 20, 1985 contained 256 sample time series with
alternate polarization switching. Each of these samples is a complex number with
in-phase (I) and quadrature (Q) components, the quantity (12 + Q2) being propor-
tional to the instantaneous echo power.

In Figures (15.a,b,c,d) are plots of the normalized magnitude of the sample
power (normalization is with respect to the peak) against sample number. The x-
axis also represents time in number of PRT's (PRT = 768 us). Note that the two
curves for H and V polarization closely follow each other in shape which shows
that the correlation coefficient between H and V samples [pHV(O)I, for zero time
lag is near unity (Sachidananda and Zrni; (1985) predict |pHV(O)|2~O.995). The
raée of fluetuation of the echo sample power can be used to estimate the decor-
relation time and the spectrum width of the signal.

One interesting observation from these time series plots is that there are
small cyclical perturbations, with period of about 7 ms, which are out of phase in
H and V samples (Figs. 15a,d). These show up only in a few records; in most of the
records we have examined the periodic out of phase perturbation was very small or

absent. This almost periodic out of phase perturbation is significant in Fig 15.a.
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To get a clearer picture of these perturbations we have plotted |H|2/|V|2 versus
time in figures (16.a to 16.d). The sample powers |H|2 and |V|2 are aligned in
time by interpolation. Although there are random perturbations in each of these
plots which are due to the statistical nature of the signal itself, a pronounced
periodic perturbation is seen in fig. 16.a. The remainder of the figures do not
strongly show such behavior, though there is some suggestion of it in some of
them. For the data in fig. 16.a the reflectivity Z, = 32 dBZ and the Zpp = 4.1
dB. Note that the large peaks in fig. 16.a are mostly in the region where H and V
signal amplitudes are near zero thus, do not contain significant power (compare
fig. 16.a with fig. 15.a). The combination of Zy = 32 dBZ and Zpp = 4.1 dB seems
to be unusual. The data is from the leading edge of the storm where these con-
binations were predominant. Although there were many more data sets which have
unusually high ZInR values at low reflectivity, the pronounced out of phase oscil-
latory behavior was found only in a few. 1In fig. 16.a the osillatory amplitude is
as much as 2.5 dB peak to peak in the instantaneous Zpp. There is also a signifi-
cant third harmonic of the fundamental, almost in a definite phase relationship
with the fundamental.

In the following we have tried to give a possible explanation to the observa-
tions recorded above, but it should not be taken as conclusive. It is pointed out
that we have examined only a few time series records and to arrive at any definite
conclusion, extensive analysis is required.

The combination of Zy = 32 dBZ and Zpg = 4,1 dB suggest an extreme form of
drop size distribution, possibly caused by drop sorting. A general gamma DSD with
a reasonable perturbation in the parameters would not be able to give such large
ZpRre Supposing the drop sorting has caused a monosize DSD, we would need a drop

size of approximately 6 mm to get a Zpp = 4.1 dB, assuming equilibrium drop shape
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with time;
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(b/a = 1.5). One of the reported measurements of axis ratios (Chandrasekhar et.
al. 1984) suggests that the drops are more oblate than the equilibrium shape; axis
ratio can be as high as 1.5 even for 4 mm diameter drops.

The osillatory behavior of ZDR with time can be associated with a synchronous
drop oscillation; although we do not know how this synchronism is brought about.,
The natural oscillations in the drops are likely to have completely random phase,
thus would tend to reduce ZDR to some extent. Beard et. al. (1982) show that the
mean axis ratios in the presence of  drop oscillations are less than the equili-
brium axis fatios. We can think of a hypothetical situation capable of inducing
synchronous oscillations, wherein the resolution volume contains highly stressed
drops due to electric field and é lightning discharge suddenly removes this elec~
tric field. For such an excitation all Ehe drops would tend to start oscillating
in synchronism but each size drop with its own natural oscillating frequency, thus
we would observe a spectrum of oscillations in the instantaneous ZDR versus time
plot unless the drops tend to be monodispersed.

If the above hypothesis were true, and asuming the drops are of the same size
and oscillate in the fundamental mode, we can use the Rayleigh formula to obtain

the drop diameter Dyt

f§_= gi_g_n(n—1)§n+2) (40)
T De

where surface water tension T = 72.75 gr s72 and density p= 0.992 gr em™3, fd is
oscillation frequency (in our case 143 Hz) and n=2 is the mode number. Substitu—
tion of these values into (40) produces a drop size of D = 1.8 mm. However, from
the Zpp value we would get a Dg = 4 mm, which is more than twice the value
obtained from the oscillation frequency. Obviously, there is some unexplainable
discrepancy which needs further analysis. Although higher mode oscillations could

reconcile this discrepancy we do not have a physical reason to accept them.
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Separate spectra of horizontally and vertically polarized signals. H
and V spectra for each of the 16 consecutive range gates are shown

side by side.
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4.4. Spectra of radar signal with alternating polarization:

Figures (17.a) and (17.b) show some typical spectra. The time series con-—
sists of 256 samples with alternate H and V polarizations. Each plot consists of
spectra for 16 consecutive range gates spaced 150 = apart along a radial. The
vertical axis is the magnitude of Fourier coefficients in arbitrary units.
Although each spectrum contain 256 discrete lines, we have joined the tips of the
lines for clarity. The horizontal axis is shown as +34 m s~} velocity scale.

The effect of ampiitude (due to the ZDR) and phase (due to the ¢DP) modula—
tion is seen clearly as two peaks in the spectra separated by the Nyquist velo-
city. Note also the remarkable similarity in the shape of the two halves of the
spectra. Some of the noisy spectra are from low reflectivity regions of the
storm. The similarity in the shape of the positive and negative halves are dis-
turbed in some spectra due to the presence of noise.

We have also given some spectra of H and V samples taken separately in Fig.
(18). The two spectra are plotted side by side for each gate. Note that the
Nyquist interval for each of the sample sequences is half that for the combined
time series. Because of the high correlation between H and V samples, the two
spectra have nearly identical shapes, except for the magnitude difference. How-
ever, in some spectra we can find minor differences, which are probably due to the
side lobe éignal. If the antenna patterns for the two polarizations are not
matched exactly, the side lobe signal in the two polarizations will be from dif-

ferent regions of the storm, hence can be different.

5« Conclusions

This technical note discusses the estimation of the radar observables from
the time-serles data of a dual polarized radar with alternate polarization

switching. Most of the analysis concerns the modifications in the existing signal
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method of a single polarized radar, necessitated by the incorporation of the
polarization switching capability. Apart from the three conventional radar ob-
servables, viz., reflectivity, velocity and spectrum width, two other radar ob-
servables, the differential reflectivity and the differential propagation phase
shift, are included in the proposed modified signal processing scheme. The latter
two parameters are specific to the radar that alternates the polarization of its
transmitted fields.

Section 4 is, for most part, a compilation of several observations made from
the first time series recordings of the NSSL's Cimarron radar, modified for dual
polarized operation. We have tried to give some explanations for the observa-
tions, wherever possible., But, it 1s emphasized that they are only tentative and
should not be taken as conclusive. Extensive analysis of the data is required in
several cases to ascertain the wvalidity of the explanations, and perhaps the
observations too! However, we hope that this technical note would aid in identi-

fying some areas for further investigations.
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