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ABSTRACT

The subject of this paper is the Colorado State University—University of Chicago-lllinois State Water Survey
(CSU—CHILL) National Radar Facility’s S-band polarimetric research radar. Key features of this system include
polarization agility (provided by the dual-transmitter, dual-receiver design), a recently updated signal processor,
and alow (—34 dB, two way) integrated cross-polar ratio (ICPR,) antenna system. After reviewing the technical
description of the radar, the authors present a new differential reflectivity (Z,g) calibration technique and data

examples collected in different polarization modes.

Although the CSU-CHILL radar is transportable, it can also be operated in a dual-Doppler configuration with
the CSU—Pawnee radar, an 11-cm Doppler radar system situated 48 km north of the CSU-CHILL Greeley field
site. Used together, these radars provide three-dimensional kinematic and hydrometeor information in precipi-

tating cloud systems.

1. Introduction

Meteorological radars have proven to be of great util-
ity in remotely sensing the structure and evolution of
clouds and precipitation. Within the last decade, sig-
nificant advances have been made in the application of
polarization diversity technology to meteorological ra-
dar (Bringi and Hendry 1990; Doviak and Zrnic 1993).

The foundation of microwave radar remote sensing
is the acquisition of useful target information based
upon the amplitude and phase characteristics of the sig-
nal received due to backscattering. Polarimetric radar
systems typically transmit and receive signals with two
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orthogonal polarizations. By analyzing the polarization
components of the return signal, information regarding
the mean shape, orientation, and thermodynamic phase
of the particles in the pulse volume can be obtained
(McCormick and Hendry 1975; Jameson 1985; Jameson
and Johnson 1990).

In concept, virtually all dual-polarization measure-
ments involve the quantification of some change in the
received signal characteristics based on the transmitted
polarization state. Often the characteristics of these po-
larization-dependent signals make their precision mea-
surement very difficult (i.e,, small magnitudes, large
variances, etc.). To minimize system-induced errors,
dual-polarization radars must be carefully designed. In
particular, the main radiation lobe of the antenna should
illuminate each sample volume with radiation of high
polarization purity (McCormick 1981). Receivers for
both the copolar and cross-polar return signal compo-
nents are necessary to measure the target’s backscat-
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tering matrix (McCormick and Hendry 1975, 1979).
These receivers must have high sensitivities and be very
stable. Furthermore, the handling and presentation of
the increased quantities of data generated by multipa-
rameter radars require the use of high-capacity digital
signal processing systems and interactively controlled
color displays.

From its initial joint development by the University
of Chicago and the Illinois State Water Survey (CHILL;
Mueller and Silha 1978), the CHILL radar has been
designed to be atransportable S-band radar system with
dual-polarization capabilities. In 1990, operation of the
radar was transferred to Colorado State University
(CSUV). Since that time, the polarimetric performance of
this system has been considerably improved through
continuing design evolution. These enhancements in-
clude the installation of a new reflector antennain 1994
and the implementation of a second transmitter and re-
ceiver chain in 1995. Recently, new intermediate fre-
quency (IF) digitizing receivers and high-speed signal
processors have been added to the system for improved
flexibility, stability, and precision (Wu 1998).

2. CSU-CHILL radar system design
a. Transmitter and receiver considerations

Historically, an electronically controlled, high-power
ferrite switch was used in the CHILL system to ater-
nately connect the antenna’s horizontal (H) and vertical
(V) polarization ports to the single-channel transmitter
and receiver (Mueller 1981). The isolation (between H
and V signals) of ferrite switches of thistypeis affected
by both temperature and transmitter pulse repetition fre-
quency. When tuned for stable operation, the isolation
between the H and V channels through such switches
is generally no greater than 25 dB (Carter et al. 1986).
This isolation value directly limits the system’s sensi-
tivity to cross-polarized return signals and therefore de-
terminesthe lower limit to the measurement of thelinear
depolarization ratio (LDR).

This limitation was overcome in 1995 by adding a
separate, identical FPS-18 transmitter to the system. The
two transmitters individually drive the H and V polar-
ization ports of the antenna through a dual-channel ro-
tary waveguide joint, eliminating the need for the ferrite
polarization switch. The dual-channel rotary joint main-
tains an interchannel isolation of greater than 50 dB,
thus providing a substantial improvement over the iso-
lation attained by the high power ferrite switch. The
LDR performance of the system is then determined by
the cross-pole isolation characteristics of the antenna
(discussed in section 3).

b. Block diagram

A simplified block diagram of the current CSU-
CHILL transmitter and receiver configuration is shown
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Fic. 1. Simplified CSU-CHILL radar block diagram.

in Fig. 1. The design of the frequency chain and receiver
was modified considerably in 1999 to accommodate a
new |F-digitizing signal processor (Lassen Aspen/
DRX). The transmitters share a common stable local
oscillator (STALO). The STALO is mixed with a 50-
MHz source derived from the processor clock to produce
the transmit frequency. The vertical channel transmit
drive signal can be further adjusted by an 1/Q vector
modulator to permit adjustments of the relative phase
and amplitude between the H and V transmitted pul ses.
Although alternate triggering mode is most commonly
used, the transmitters may also be triggered simulta-
neously based on pulses generated in the signal pro-
cessor state machine. When the transmitters are trig-
gered simultaneously and the appropriate interchannel
phase adjustment is applied, the radiated polarization
can be set to slant =45° linear or right-hand or left-
hand circular polarization states. Separate digital power
meters monitor the average RF output level developed
by each transmitter. These digitized power readings are
inserted into the recorded data stream at 2-s intervals
so that accurate reflectivity and differential reflectivity
calibrations can be maintained. Once the transmitters
are fully stabilized (~30 min), the output power levels
generally vary by less than 0.3 dB during the course of
a normal data collection period (~10 h).

Return signals are passed through a pair of separate
matched receivers. The low noise amplifier (LNA) and



1598

0.4

03+ . S -4

0'2 S

01PN

0

010 -

VH Relative Gain (dBM)

Q2 e L

O3 E e B ,,,,,,, ,,,,,, ﬂ

0.4 : : : :
-110 -100 90 -8  -70  -60  -50  -40  -30

Power in Waveguide (dBM)

Fic. 2. Gain difference as a function of input power.

first mixers for both receivers are mounted on the same
aluminum plate. The temperature of the plate is held at
a constant value (20°C) by athermostatically controlled
Peltier effect cooler. The minimization of temperature
variations between the *‘front end” components of the
two receiver channels reduces the tendency for differ-
ential drifts to develop in the calibration characteristics
of the two receivers.

A solid state transfer switch located after each LNA
permits the H and V received signals returning from the
antennato be connected to either receiver channel. Prior
to 1999, the transfer switch was used to route all the
copolar signals to one receiver and all the cross-polar
signals to the other receiver. In the alternating VH op-
erational mode, this switch was toggled just before each
pulse was transmitted. The reasoning was that using a
singlereceiver to devel op the copolar radar measurabl es,
such as 7, the differential reflectivity (Z,z), the dif-
ferential phase (¢p), and the copolar correlation co-
efficient (p,,) (Doviak and Zrnic 1993) would reduce
errors due to calibration differences and drift in the two
receivers. The stability and linearity of the current dig-
ital receivers are believed to be of sufficiently high qual-
ity that the transfer switch, while still in the circuit, is
not currently in use. Figure 2 indicates the power dif-
ference as measured by the two receivers when both
receivers were driven by atest signal that was split and
fed into both waveguides simultaneously. The results
indicate less than 0.1-dB difference in gain between the
H and the V receivers over a wide dynamic range.

From the transfer switch, the received signals pass
through image rejection filters and are down converted
to a50-MHz IF by mixing with the STALO frequency.
A second conversion to the 10-MHz IF is performed by
mixing with the 40-MHz reference clock from the pro-
cessor. The IF signal is converted by 12-bit digitizers
running at a 40-MHz rate. Programmable FIR filter
chips then apply quadrature detection followed by |ow-
pass filtering to produce in-phase (I) and quadrature (Q)
voltage numbers. Each processor performs these func-
tions in a pair of receiver channels separated in sensi-
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tivity by 25 dB. When all samples are complete for a
given integration period, the set that offers the most
sensitivity without excessive saturation will be selected
for processing. To facilitate this channel selection pro-
cess, each range gate has a counter to keep track of the
number of saturated samples encountered during each
integration cycle. The bank of counters is available to
the digital signal processors (DSPs), where the actual
decision on which receiver channel to use ismade. New
directional couplers have been added between the trans-
mitters and the circulators, which provide a high quality
sample of each transmitted pulse that is downconverted
to 10 MHz, just asit isdonein thereceiver. Thetransmit
sample is then fed to a third input channel on each
processor, where the pulseis digitized at a40-MHz rate.
The processor uses these samples to calculate the av-
erage amplitude and phase of each pulse and optionally
uses these results to correct the received signals from
that pulse for slight variations in phase and magnitude.
Although the phase stability of the new system has not
yet been measured, these corrections are expected to
produce mean phase estimation accuracies of better than
0.1°. A series of Analog Devices SHARC DSP chips
performs this correction, applies clutter filtering, and
does covariance processing. A third-party SHARC-
based processor board is used to calculate the meteo-
rological moments. The data stream is passed to awork-
station for archiving and further distribution. The
SHARC digital signal processing chips offer consider-
able computational capability with a software devel-
opment environment, which allows most of the pro-
gramming to be done in the C language.

In the alternate VH triggering mode, both the copolar
H received from H transmitted (HH) and V received
from V transmitted (VV) as well as the cross-polar V
received from H transmitted (VH) and HV (cross-pole
H received from V transmitted) signals are available.
These returns allow both columns of the backscattering
matrix to be measured and cal culation of the covariance
matrix elements, albeit not all measured at zero timelag
(three real power terms and three complex correlations,
Doviak and Zrnic 1993). A list of al datafieldsavailable
from the CSU-CHILL radar is provided in Table 1. An
overall summary of the CSU-CHILL radar's current
performance characteristics is shown in Table 2.

The enhanced computational speed of the new pro-
cessor will allow the testing of a faster scanning mode
for the acquisition of the polarization parameters. The
antenna scan rate is a function of the rate at which
independent samples can be acquired and the number
of independent samples required for a given accuracy.
The polarization parameters such as Z,; and ¢ require
high accuracy, which implies a large number of inde-
pendent samples and traditionally slower scan rates
(Sachidananda and Zrnic 1985). By trimming the trans-
mitted pulse width and the receiver gate size, the in-
dividual pulse volume (range gate) depth can be reduced
to 45 m. Range averaging of groups of five successive
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TasLE 1. Data fields available from the CSU-CHILL system.

Power (dBm)

Normalized coherent power (NCP; ratio)

Mean radial velocity (m s1)

Velocity spectral width (m s71)

Differential reflectivity (Z,z; dB)

Linear depolarization ratio (LDRH; LDRYV, dB)

Differential propagation phase (¢pp; deg)

|HV correlation at lag zero| (puy)

Time series: (digitized individual in phase and quadrature voltages)

Raw floating-point covariance availability matrix
Available in VH mode

Time lag Copol
Lag O [HHP]?, [VV ]2
Lag 1 HHVV", VVHH"
Lag 2 HHHH'

Available in VHS (hybrid basis mode)

Time lag Copol
Lag O [H]Z, V]2, HV”
Lag 1 HH", VV*
Lag 2 HH", VV*

Cross-pol Co*cross
[HV], [VH]? HHVH", VVHV*
HVVH"

45-m gatesyieldsafinal range resolution of 225 m while
increasing the number of independent signal samples by
approximately a factor of 4 in comparison to that ob-
tained with a conventional 1-us sample (150-m range
gate). This rapid acquisition of independent samples al-
lows the antenna scan rate to be doubled during polar-
imetric data collection while maintaining the same ac-
curacy in the meteorological fields. Azimuth rates of
12° s~ are typical of this mode.

c. Data display and recording

The data stream from the real-time computation sys-
tem is made available to multiple local workstationsvia
an Ethernet network. Conventional plan views and ver-
tical cross sections can be produced and controlled in-
dependently by each workstation. Position tracks can
also be overlaid on the radar images to aid in project
coordination when working with research aircraft or
ground-based chase vehicles. One workstation also has
the task of archiving the data on disk files. These files
are subsequently moved to 8-mm data cartridges for
long-term storage.

3. Evaluation of antenna performance

Because of the distributed nature of hydrometeor tar-
gets, antenna performance is of prime importance. Ac-
curate dual-polarization measurements require, ideally,
matched copolar beam patterns at both polarizations,
low copolar and cross-polar sidelobe levels, and high
polarization purity throughout the main radiation lobe
(Bringi and Hendry 1990). When strong reflectivity gra-
dients exist across the main beam and close-in sidel obes,
even slight copolar pattern mismatches can potentially
cause significant errorsin Z,; (e.g., Herzegh and Car-

bone 1984; Pointin et al. 1988). To reduce such errors
it is generally best to reduce the close-in sidelobe levels
as much as possible. The cross-polarization pattern for
alinearly polarized antenna has maximathat lie in 45°/
135° planes between the principal axes of the antenna.
These maxima consist of a set of four pencil-beam lobes
on the 45°/135° planes (Wood 1980). The new antenna
installed on the CSU-CHILL radar in 1994 has maxi-
mum cross-polar lobe levels of —33 dB in the 45°/135°
planes. The worst-case, close-in copolar sidelobes are
lessthan —27 dB in any plane. The measured 135° plane
antenna patterns are shown in Fig. 3.

The (two-way) integrated cross-polar ratio (ICPR,)
is a figure of merit of dual-polarized antennas and is
closely related to the LDR limit of the system (Ussailis
and Metcalf 1983). The ICPR, in the 45°/135° planes
was computed from measured patterns (Fig. 3) and was
found to be —34 dB. The ICPR, is defined by

0 O
DJ foo fox SING dOD

ICPR, = 10 l0g,,———1] (1)

fogosinedeu

O O

where f, and f., are the measured copolar and cross-
polar patterns, respectively. The CSU-CHILL system
routinely measures (lower bound) LDR values in the
—33to —34 dB range in spatially homogenous precip-
itation when the signal-to-noise ratio (SNR) is high (co-
polar SNR > ~35 dB). For example, Fig. 4 shows a
scatter plot of LDR,,, for a number of range profiles
measured during the Fort Collins, Colorado, flood event
on 28 July 1997 (Petersen et al. 1999). Data points with
copolar SNR > 35 dB are shown. Note that the lower-
bound LDR,,,, from the datais very near —34 dB = 1
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TABLE 2. CSU-CHILL system characteristics.

Antenna
Shape Parabolic
Diameter 85m
Feed type Scalar
Gain 43 dB (includes waveguide |oss)
Beamwidth (3dB) 11°

Maximum sidelobe
Interchannel isolation
ICPR (two way)

Transmitters

Wavelength

Peak power

Final PA type

PRT range

Pulse width

Available polarizations
Receiverg/digital signal processing
Noise figure

Noise power (SNR = 1)
Dynamic range
Bandwidth

Output range resolution
Maximum range gates

—27 dB (in any ¢ plane)
—45 dB (limited by orothomode transducer)
—34 dB

11.01 cm

800 kW

VA-87B/C (Klystron)

800—-2500 ms

0.3-1.0 us

Horizontal, vertical, slant 45°/135°, right/left circular

~3.4 dB

~—114.0 dBm

~96 dB

750 kHz typ. with programmable filter

45-m minimum, adjustable upward in 15-m intervals
Estimated to be >3000

dB. (The subscript “VH,” asin LDR,,, implies a cal-
culation based on horizontal transmit and vertical re-
ceive.)

When the spatial distribution of scatterers is inhom-
ogenous, it is well known that the resultant cross-beam
gradients across the main beam and close-in sidelobes
can induce antenna pattern related errors, which bias
the estimates of Z.,, LDR, p,.,, and, to alesser extent,
dop (Pointin et al. 1988; Hubbert et al. 1998). In order
to estimate the magnitude of the errorsin Z,; and LDR
due to gradients across the beam, specified cross-beam
profiles of Z,,,,, Zor, and LDR are input to a simulation
program. Error estimates are then developed by con-
volving these input profiles with the antenna patterns
measured by the manufacturer in any specified plane
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FiG. 3. Copolar and cross-polar power plots. Antenna patterns are
in the plane containing the feed horn support structure (¢ = 135°).
Cross-polar power scale is raised 20 dB above the copolar power
scale. (After Mueller et al. 1995.)

(0°, 45°, 135° or 90°). For Z, the simplest approxi-
mation is

0 0
D Zy fan dRD
Zzn = 10 log,,3=——0

gf Z, f2y dR]
O

where Z,,, and Z,,, are the input cross-beam reflectivity
profiles and f,,, and f,, are the (one way) measured
power patterns in the azimuthal (¢ = 0°) plane. The

@)

S5t 4

.t 1 1 . 1 1 ]
38 40 42 44 46 43 50
Range (km}

FiG. 4. Scatterplot of LDR (dB) vs range (km) for low elevation
angle CSU-CHILL PPI data collected during heavy rain (28-29 Aug
1997). Only L DR values associated with signal-to-noiseratios (SNRs)
above 35 dB are included.
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superscript “‘sm’ on Z,, (and other variables) refersto
the simulated values. Note that all reflectivity unitsused
here are expressed in mm® m-3. This equation assumes
no cross-polar error due to the antenna and is sufficiently
accurate for evaluation of errors in Z,, due to mis-
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matches in the main and sidelobes (Herzegh and Car-
bone 1984).

The approximation for LDR is (Blanchard and New-
ton 1985)

O O
Df (Zonfov fun + Zunfun fuv + Zow fov i) dRD

LDRs = 10 log,,3

O

where Z,,, is the cross-polar reflectivity profile and f,,
= f,, is the cross-polar power pattern. An additional
term involving Z,,,(f)? is neglected in the numerator
of (3) since it is small in comparison to the other given
terms. Because the ¢ = 45°/135° plane (containing the
feed support struts and waveguide runs) is the worst for
cross-polar errors, the measured antenna patternsfor this
plane as well as in the ¢ = 0° plane are chosen for the
estimation of LDR errors.

The input Z, profile was chosen to be representative
of a hail shaft embedded in rain at a range of 30 km
(Fig. 58). The reflectivity gradient on the flanks of the
hailshaft was chosen to be 30 dB km~*. The Z.; profile
sharply increases from 0 to 5 dB in the rain and then
sharply decreases to ~0 dB in the center of the hail
region (Fig. 5b; see also Aydin et al. 1986). The sim-
ulated Z,, profile based on the sampling characteristics
of the measured antenna pattern is quite accurate (Fig.
5b) within the constant reflectivity region (20—25 km).
As expected, Z, errors can be noted near the maximum
gradient region, but these are well known and have been
documented (Pointin et al. 1988). Errorsare also evident
in the simulated LDR profile in the maximum Z, gra-
dient regions (Fig. 5c). In the high Z, gradient region,
the LDR error is primarily due to the Z,,f,.f,, and
the Z,,, f\\ fyy termsin (3). The LDR errors are slightly
worse for cross-beam distances <19 km or >26 km in
the ¢ = 45° plane, where the antenna feed support
structure raises the cross-polar sidelobe levels. Within
the uniform reflectivity region (20-25 km), the LDR
errors are negligible, since the error is dominated by the
Z, Ty fun termin (3), and the input LDR exceeds the
antenna cross-polar error levels, that is, the result is due
to smoothing of the input LDR profile by the copolar
pattern. These results show that even with antenna per-
formance approaching the theoretically expected max-
imum levelsfor aprime-focus-fed reflector design, radar
data may be corrupted in high-reflectivity gradient re-
gions. Experience has shown that the CSU-CHILL LDR
and Z, values should be viewed with caution in areas
where the cross-beam spatial reflectivity gradient ex-
ceeds 20-25 dB km~1. Antenna performance better than

q ®
f Z, T2 OR [

O

that illustrated here would result only from the use of
offset-fed reflector designs, which eliminate beam
blockage by the feed support structure.

4. The Z calibration techniques

Rainfall estimators based on the combination of Z
and Z,, fields can be significantly affected by small
errors in Zk. Indeed, this is the strongest motivational
factor behind the desire to keep the system offset in Z;
tolessthan 0.1 dB. The calibration of Z, iscomplicated
by the use of two transmitters, which may independently
drift a few tenths of a decibel during an operation. Al-
though the average transmitted power is continuously
recorded and used to correct the data, additional tech-
niques are required to compensate for subtle systematic
offsets in Z,. One such technique is based on infor-
mation contained in the LDR fields.

Since the LDR is obtained by taking the ratio of the
cross-polar reflectivity to the copolar reflectivity, which
are obtained from the output of the two receivers, any
residual differential gain between thetwo receivers must
be known to correct the *‘raw”” LDR values. Randomly
polarized radiation from the sun will excite both antenna
ports equally, and thus daily sun ‘‘scans’ are used to
calibrate the differential gain between the two receivers.
As mentioned earlier in section 2b, prior to 1999 the
solid state transfer switch had two ‘‘states” [e.g., one
state, connects the H port (V port) of the antennato the
copolar (cross-polar) receiver and the second state con-
nects the H port (V port) of the antenna to the cross-
polar (copolar) receiver]. There are four power outputs,
S, .34, from the sun scans, defined as

S1 « GGy Ly (4a)
state 1 ©

{82 o GVGcergv! (4b)

S3 = G,G,L (4c)
StaIeZ V ~co —wgv

{84 & GHGcerghv (4d)

where G, are the antenna gains referenced to the feed-
horn ports, G, ., are the receiver gains referenced to the
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FiG. 5. (a) Input cross-beam Z, profile that is convolved with the measured CSU-CHILL antenna
beam patterns in the radar sampling simulation. (See text for details.) Maximum slope is 30 dB
km-1; simulation is done at a range of 30 km. (b) Input Z.; profile (solid line) constructed to
represent a hail core (Z,; ~ 0 dB) surrounded by rain (positive Z,z). Simulated radar-observed
Z,r values are shown by the dotted line. (c) Input LDR profile (solid line) corresponding to the
hail shaft representation in Fig. 5b. Simulated LDR values are shown by the dotted lines. Note:
antenna patterns in the ¢ = 0° and ¢ = 45° (i.e, the plane containing the feed horn support

struts) were used in this simulation.

LNA inputs, and L,,q,, are the waveguide losses for the
H and V waveguide runs from the feedhorn to the re-
ceiver inputs. Two calibration factors relative to the
LDR corrections are defined as

10 Iogl(,(%) and

10 Iogl()(%). (5)

Note that the radar can measure two linear depolariza-
tion ratios (LDR,,, = transmit H, receive V; LDR,,, =
transmit V, receive H). The corrected LDRs are obtained
using

LDR,,,(corrected) = LDR,,,(measured)

CAL,,

CAL,, =

+ CAL,, + L,, (6a)
LDR,, (corrected) = LDR,,, (measured)
+ CAL,, + L,, (6b)

when L, is the difference in the finite bandwidth loss
factors between the cross-polar and copolar receivers
(Doviak and Zrnic 1993). As a corollary, an accurate
measurement of Z, is obtainable, which isindependent
of the two-channel transmit power difference:

Z(corrected)

= 10 100,0(Zny) — 10 log,o(Zyy) (79)
=10 Ioglc,(ﬁ) - 10 Ioglo(@> (7b)
Zyy yam
= LDR,, (corrected) — LDR,,(corrected) (7¢)
= LDR,,, (measured) — LDR,,,(measured)
+ CAL,, — CAL,,, (7d)

wherethereciprocity condition Z,,, = Z,,, hasbeen used
(Tragl 1990). In practice, the accuracy of Z, from (7d)
depends on a relatively high SNR in the cross-polar
receiver (~6-8 dB) and on the stability of CAL,, —
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CAL,,. It hasbeen found that CAL,, — CAL,, isvery
stable during a continuous radar operation, varying by
about 0.09 dB based on hourly sun scans throughout a
day-long test period.

The conventional Z, is calculated as the ratio of the
average powers at horizontal and vertical polarizations
[Zor = 10 log,o (P /Py )] Obtained from the receiver
outputs and is then corrected for any transmit power
differences as well as for any unaccounted for system
biases (termed Zz.,.s)- The latter term (Zpygpias) 1S €sti-
mated daily from at a value that gives a corrected Z
of 0 dB intheice anvil region of storms. The hypothesis
isthat these ice particles (e.g., snow or graupel), because
of their low density and random orientation, will on
averageyield aZ,, of 0 dB. Whilethisistrue at vertical
incidence, that is, antenna elevation angle of 90° and
rotated 360° in azimuth, it is only approximately true
at near horizontal incidence (low antenna elevation an-
gles). By comparing conventional Z, with the Z,, de-
rived from (7d), it is possible to estimate Zg,;.. USiNg
the rain medium as a “‘calibration” target (as long as
differential attenuation can be neglected, an excellent
approximation at S band if the differential phasethrough
the corresponding region is <50° Bringi et al. 1990).
The conventional method for Z,, correction is based on

Zgnv(corrected) = Zgr + (P — PL) + Zorpias:  (83)

and it is equated to (7d), yielding a Z,z.c @S
Zproias = LDR,, (measured) — LDR,,,(measured)
+ (CAL,y — CALy) — Zgp
= (Py = P). (8b)

Note that P}, P} are the measured (and digitally re-
corded) average transmitted power values. ONnce Zyzpias
is obtained using (8b) from selected rain data (essen-
tially high SNR and ¢, < 50°), it can be used in (8a).
Selected data can, of course, be from any region of the
storm, but from a practical standpoint, the selection of
regions with relatively high SNR in the cross-polar re-
ceiver is more convenient in the rain region. Figure 6
shows a sample plot of Z,,.. from (8b) versus range
in rain. The plot shows the average Zg,. 8 well as
the standard deviation and the 95% confidence interval
for the mean. Initial tests with this method of estab-
lishing Zyzi.s ShOW that it is stable throughout a given
day, the stability being directly related to the stability
of (CAL,, — CAL,,). This Zyn,. is being evaluated
against conventional vertical incidence measurementsin
glaciated clouds.

The preceding discussion is applicable to operations
prior to 1999, where the transfer switch was operated
to route copolar data to one receiver and cross-polar
data to the other receiver. If the transfer switch is not
operated, the calibration technique is simplified in that
there is a single receiver configuration to consider. The
solar measurement yields two powers:
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Range (km)

FiG. 6. Shown is Zpry.s VS range based on 40 rays of CSU-CHILL
data collected during the Fort Collins flood of 28—-29 Jul 1997. Sample
mean value and the 95% confidence interval for the mean are shown.

S—i o GHGHlegh! (9a)

SI * GVGVlegv' (gb)

Thisis similar to (4) except that G,z and G, are the
gains of the H and V receivers, respectively. The LDR
calibration terms in this case are

CAL,, = 10 Ioglo(g> and

S,
10 Iogm(g .
Observing that CAL,,, = —CAL,,, one can substitute
(2 CAL,,) or 20 log,,(S,/S,) from (10) for (CAL,, —
CAL,,) in Egs. (7d) and (8b) to get comparable equa-
tions for the case where the transfer switch is not op-
erated.

CAL,, = (10)

5. Example data
a. VH mode operation

In addition to the CHILL polarimetric radar, CSU also
operates the Pawnee Doppler radar. The Pawnee is an
11-cm wavelength, single polarization, 1.6° (half-power
beamwidth) radar (see Table 3 for specifications). The
Pawnee's real-time capabilities for radar control as well
as data display and recording are comparable to those
of the CSU-CHILL system, facilitating the conduct of
coordinated scanning. The Pawnee is located 48 km
north-northwest of the CSU-CHILL site, permitting
dual-Doppler data collection over an areaincluding por-
tions of the eastern slopes of the Rocky Mountains and
the adjacent high plains (Fig. 7).

An example analysis utilizing the CSU-CHILL and
Pawnee radars is shown in Fig. 8. The radar data were



1604

30 DEGREE LOBES

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VoLuMmE 17

TABLE 3. CSU-Pawnee radar characteristics.

FiG. 7. The CSU-CHILL and Pawnee radar dual-Doppler network.
L obes define the regions where the difference between the azimuths
of the viewing radials from the two radars exceeds 30°.

collected in synchronized plan position indicator (PPI)
sector volume scans over the eastern dual-Doppler |obe.
These scans were centered on an area of intense con-
vection that was developing an extensive region of trail-
ing stratiform precipitation (Rutledge et al. 1988). The
convective region is centered near X = 59 km, where
the reflectivity contours are most vertically oriented and
the dual-Doppler wind retrieval contains the strongest
updrafts aloft. Within this echo core, Z, values of less
than 0.5 dB reach down to the lowest analysis height
(L.5km MSL; terrain elevation is approximately 1.3 km
MSL). The combination of dBZ > 55 dBZ, Z,; < 0.5
dB, and LDR values of —24 to —20 dB is indicative
of hail (Herzegh and Jameson 1992). In advance of the
surface hail signature (X = 66 km), Z,, values exceed-
ing 1.5 dB extend to heights of 6.5 km, well above the

CHEYENNE KIMBALL Wavelength 10.99 cm
T + Beamwidth (3 dB) 1.6°
WY |NE Peak transmit power 380 kW
Pulse duration 1pus
Pulse repetition frequency 500-1200 Hz
Noise power (SNR = 1) —109 dBm
Polarization \%
Pulses per integration cycle 40-2048
FT COLLINS AIRPORT Latitude 40.871°N
+ Longitude 104.715°W
NCSU-CHILL Horn elevation 1688 m MSL
FT MORGAN
BOULDER 50 KM
+ ambient 0°C height (~4.5 km). The occurrence of such

distinctly positive Z,, values at subfreezing tempera-
tures suggests that large, oblate supercooled drops have
been lofted above the freezing level (Illingworth et al.
1987). A separate surfaced-based positive Z,, area is
found in the higher reflectivity portions of the stratiform
region (X = 36 to X = 55 km), where appreciable con-
centrations of oblate raindrops are present (Seliga and
Bringi 1976).

A descending rear inflow jet originating near Z = 6.5
km, X = 22 km is evident near the western edge of Fig.
8. Immediately below this jet, the 30-dBZ reflectivity
contour outlines a brightband echo pattern centered near
Z = 4 km MSL. The melting particles passing through
this band produce locally positive Z,;'s and increase the
LDR levels to ~—20 dB.

Figure 9 shows an extraction of CSU-CHILL data
from a vertical column that intercepts this bright band
echo. As reported in Zrnic et al. (1993), the maximum
positive Z,, value occurs at a height slightly below the
altitude of the greatest reflectivity. Depolarizationlevels
are maximized within the melting zone, where wet, non-

135 |||||||||||}|||||||L|J|l|_i|1rl||.]||L||Jl|n1J_11)}ll
12.5 g e e T Tl T
11 .5+ ; ; =
1@5‘_ =
19.5 4 =
g . b =
27_5_ -
6.5 —
M55 -
4.5 —
3.5 =
2.5 =
15
21 24 27 30 33 36 39 42 45 48 51 54 57 608 63 66 69 72

KM PARALLEL TO CSU-CHILL 101 AZIMUTH

0.500E+02
_....%}

MAXIMUM VECTOR

FiG. 8. Vertical cross section developed from synchronized CSU-CHILL and Pawnee radar volume scans starting at 0215 UTC 3 Sep
1999. The analysis planeis oriented approximately along the direction of storm motion. Black contours are CSU—-CHILL reflectivity (minimum
contour is 20 dBZ; increment is 10 dB). Dual-Doppler-based wind vectors are earth relative (m s~*). Solid color-filled contours are Z,,
(minimum contour is 0.5 dB; increment is 1 dB). Solid red contours are the —24- and —18-dB LDR levels.
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Fic. 9. CSU-CHILL data vertical profiles through a bright band
as extracted from the volume scan starting at 0215 UTC 3 Sep 1999.
The plotted data are range averages over the three consecutive gates
in each PPl sweep that are centered nearest to an azimuth of 101°
and a range of 20 km. The profiles are annotated with selected data
values. Reference values are shown with dashed vertical lines: 0 dB
in the Z,, panel; 0.99 and 1.00 correlations in the p,,, panel.

spherical ice particles with fluctuating orientations are
most likely to be present (Illingworth and Caylor 1989).
LDR levels are distinctly low (often less than ~—30
dB) at heights outside of the melting zone. Similarly,
puyv Values are quite high (0.99 to 1.0), except within
the melting zone, where both irregularly shaped ice par-
ticles and melted drops coexist (Balakrishnan and Zrnic
1990; Zrnic et a. 1993).

b. Hybrid basis mode

We mentioned in section 2athat the transmitters may
be triggered either alternately or simultaneously. With
the aternate VH mode, the conventiona estimates of
Zor, dop, aNd p,,,, are formed from the copolar HH and
VV signals available at the input to the digital receivers
on the even and odd pulse intervals, respectively. At
the same time, the cross-polar VH and VH signals are
available at the input to the opposite receiver. This
scheme is based on the classical orthogonal basis.

When the transmitters are triggered simultaneously
with matched power outputs, the radiated polarization
state can be described by the unit vector

_h+ ey
V2

where 6 isthe phase difference between the two transmit
channels. While 6 can be controlled via an 1/Q vector
modulator, for the purposes of this discussion, 6 will be
treated as an unknown but fixed system constant. The
two receivers are used to measure the elements of the
coherency matrix, defined as

(11)
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(BLER) (ELEY)
(BVER) (EVEY)

(S]]

: (12)

where E[, and E}, are the horizontal and vertical polar-
ized components of the backscattered ellipse, a double
bar indicating a matrix. Since the solid state transfer
switch is not activated in this mode, the horizontally
polarized component is received by the first receiver
and the vertically polarized component is received by
the second receiver. The Z, ¥pe, and p,, inthishybrid
mode are obtained as

(ELR)
ZB = 10 lo 10 y 13a)
. %ol |Eg o) (13)
Wy = ag(Er EL), (13b)
KEr EQ)l 159

P N EE R

Angle brackets denote time averages. This measurement
scheme is termed the hybrid basis as opposed to the
classical orthogonal basis described in the beginning of
this section. It is interesting to note that both schemes
were suggested by Seliga and Bringi (1976) as possible
for Z,z measurements.

Measurements in the hybrid basis will, in principle,
lead to no error if the propagation and scattering ma-
trices are diagonal, since the received electric field com-
ponents can be expressed as

Ell  [zGP ilew oS, Ofew o
E; 27 r?2| 0 e 0 S| 0 e
o1 O
vz [
XDl 0 (14)
ei"D
V2 o

where A, and A, are the eigenvalues of the propagation
medium (Oguchi 1983); S,,, and S, are elements of the
scattering matrix of the resolution volume centered at
range r; and Z,, G, and P, are the intrinsic impedance
of vacuum, antenna gain, and peak transmitted power,
respectively. If the propagation medium is nonatten-
uating and imposes a pure differential phase (a good
approximation for propagation in rain at S band), then
it is easily verified that (e.g., Sachidananda and Zrnic
1985)

hy — <|S—|H|2>

ALY 10 Ileo <|S\/v|2>]’ (15&)

W = ag((S5Sw) + Pop + 6 = $pp + 6, (15D)
L SuS 159

P N ISPXIS D
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Fic. 10. Comparative vertical cross sections from 11 Aug 1998 taken in conventional VH mode (a, c, e, g) and hybrid basis mode
(b, d, f, h). Fields shown are reflectivity, Z,z, ®p, and p,,,, respectively.

where &y, = 2[K; — k% ]r with A, = —jk; and A, =
—jkY% (ki are the effective wave numbers of the prop-
agation medium). Equation (15) shows that no error is
incurred in the hybrid Z,; and hybrid p,, while the
hybrid @, isjust shifted by 6. Note that Rayleigh scat-
tering by raindrops at S band is assumed.

Fields of Z,,, Zor, Ppp, and p,, calculated in the
conventional and hybrid modes are compared in Fig.
10. The time difference between the data collected in
the two modes is approximately 30 s. Figure 10 shows
an RHI scan through the core of a convective storm
located at a range of approximately 90 km. The reflec-

tivity (Z,,) in the two modes is in excellent agreement,
as seen in the Figs. 10a and 10b. The Z; is compared
in Figs. 10c and 10d and is also seen to be in very good
agreement. Note that any systematic offsets in the hy-
brid-mode Z,; may be calibrated out in postprocessing.
The &, data are compared in Figs. 10e and 10f and
are also seen to be in excellent agreement. An overall
system @, bias of 50° was added to the conventional-
mode &, data to facilitate the intercomparison. The
Zovs Zor, Ppp, and p,, data in both modes were pro-
cessed and plotted in exactly the same way. The largest
discrepancy was noted in the p., data (expressed as a
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percentage) from the two modes, as shown in Figs.
10g—h. The conventional mode p,, is seen to be lower,
particularly within the highest reflectivity region near
1-km height and aso near the storm top. It is known
from simulations that the conventional-mode p., will be
biased low (by 5%-15%) when the Doppler spectral
shapeisnot Gaussian (either very broad shape or spectra
with multiple peaks; Liu et al. 1994), which can likely
occur in severe storms. On the other hand, the hybrid-
mode p,, can be biased low due to the so-called back-
scatter depolarization effect modeled by Doviak et al.
(2000). This tendency does not stand out when com-
paring Figs. 10g and 10h, though it may be noted near
arange of 90 km and a height of 3 km, where conven-
tional p, is around 95%-100% whereas the hybrid-
mode p., is 85%-95%. These initial data comparisons
suggest that the hybrid scheme should be further ex-
plored for application to operational radar systems
(Doviak et a. 2000).

6. Overview of the CSU-CHILL facility
a. Radar packaging and transportability

The CSU-CHILL system is designed to be moved to
support data collection at locations other than the home
base near Greeley, Colorado. The entire radar systemis
transportable on five 14.6-m-long (48 ft) semitrailers.
Only three of these trailers (the transmitter, user, and
equipment storage vans) need to be at the radar site
during operations. The forward portion of the user van
provides an 8.5 m by 2.1 m (28 ft by 7 ft) controlled
environment space from which real-time radar opera-
tions are directed (Mueller et al. 1995). This user area
also has ample space to accommodate special project-
related equipment (radios, additional workstations, etc.).

The CSU-CHILL antenna is protected by an air-in-
flated radome constructed of reinforced nylon material.
This radome has an equatorial diameter of 22.3 m and
amaximum height of 16.2 m. Support for the combined
antenna pedestal and radome system is provided by a
19.8-m-diameter reinforced concrete foundation. This
foundation was recently redesigned to decrease the
amount of concrete needed, thereby significantly re-
ducing the cost of the pad installation. Additional details
concerning the remote deployment of the system may
be obtained at the facility Web site.

b. Real-time radar operation and data dissemination

Real-time operation of the CSU-CHILL system is
done via fully interactive control software. The specific
data collection parameters (antenna scan angular limits,
transmitter pul se repetition frequency, etc.) are collected
into an arbitrary number of predefined scan segments,
which are loaded from computer files as needed. The
segment parameters may also be easily modified during
operations. PPl scan optimization is optionally per-
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formed while the scan is in progress. If enabled, the
scan optimizer chooses each elevation scan angle based
on minimum spatial resolution regquirements established
by the operator. Each scan segment describes the signal
processor and radar operating parameters as well as the
basic antenna motion (i.e., which axis is scanning, scan
rate, scan limits, etc.). These scan segments may be
activated in an arbitrary order by the operator or linked
together to define a repeating sequence of scans. Timers
can be established to start specific scan segments at
specific times and/or recurrence intervals. This radar
control arrangement readily permits the data acquisition
scheme to be synchronized with other radars and to be
adapted as the echoes of interest evolve and move.

Color displays of the radar data fields are available
in real time on a ray-by-ray basis in the user van. Se-
lected color display images (typically four data fields
from one sweep in a particular scan segment) can be
transferred onto the CSU-CHILL Web site. These saved
images are available for viewing within seconds of the
completion of the sweep to be saved. Also, Internet
communication techniques are under development that
will permit investigators who are not physically at the
user van to access the radar’s real-time data acquisition
parameters and to input scan modifications. Thus, it is
anticipated that in the near future, researchers will be
able to remotely direct real-time CSU-CHILL opera-
tions.

All CSU-CHILL dataareroutinely recorded on 8-mm
magnetic tape cartridges. These field tapes may easily
be replayed through the radar’s color display system.
Copies of the archived data may also be rapidly con-
verted to various ‘‘standard”” formats, including Uni-
versal Doppler Exchange Format (Barnes 1980).

7. Summary

As presently configured, the CSU-CHILL is atrans-
portable S-band radar system providing an instrument
for the collection of research-quality multiparameter ra-
dar data. With the dual-transmitter and dual-receiver
configuration, maximum polarimetric performance is
obtained from a prime-focus reflector antenna. The re-
cent upgrade of the radar’s data processing system will
permit the antenna scan rate to be nearly doubled while
multiparameter data are being collected.

An immediate application of this performance im-
provement will be the collection of higher time reso-
lution dual-Doppler and polarimetric datasets using the
CSU—CHILL and Pawnee radar network. It is expected
that the resultant high time resolution, combined dual-
Doppler, and multiparameter radar datasets will provide
new insights into storm dynamics, precipitation pro-
cesses, and cloud electrification mechanisms.

Prospective radar users should consult the facility’s
Web site (http://chill.colostate.edu) for access to ar-
chived data as well as current facility information.
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