




















































































































on the simultaneous transmit mode. In the alternate mode, the frequency is changed after every 

two pulses, so that subsequent pairs are uncorrelated, i.e. , the sequence (HI, Vl), (H2, V2), (Hn, 

Vn) where (Hi, Vi) are at the same source frequency but lagged by one PRT, and the successive 

pairs are uncorrelated because of frequency agility . While this scheme is superior to the Austrian 

scheme, the standard error in Zdr was found to be worse than without using frequency agility. Thus, 

care must be used when combining alternate transmit mode with frequency agility so as to improve 

the estimates of Zdr rather than degrading them! 

We propose an alternate-mode scheme which should make full use of frequency agility 

(over a bandwidth of 10 MHz) in improving the accuracy of Zdr (and <!>dp, or Phv) - The simultaneous 

transmit scheme (as described in Sec. 2c) is optimal when combined with frequency agility based 

on the simulations of Sachidananda and Zmic (1985). This also be evaluated. The 

combination of frequency agility as described here, using our existing two FPS-18 transmitters over 

a 10 MHz bandwidth, coupled with 300 ns transmit pulse widths and range averaging over 5 

samples (to yield 225 m range resolution) as discussed under the quick scan scheme, will enable us 

to scan at WSR-88D compatible rates of 18 sec-1. 

The scientific goal of the quick scan modification is to use these faster CSU-CHILL scan 

rates in dual-Doppler configuration with the Pawnee radar (formerly the Illinois State Water Survey 

HOT radar), so that convective storms can be scanned with cycle times of ~2 minutes. Pawnee is 

also a S-band Doppler radar, and is located 48 km NNW of CHILL. The combined study of 

retrieved kinematics and bulk microphysical fields from full polarimetric such 

high time resolution has been a long-standing goal in radar meteorology. This "rapid" dual­

Doppler capability, coupled with polarimetric data from CHILL, further supplemented by a 

permanent network to determine total lightning flash rates, will provide a low-cost, permanent field 
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network to the entire met: or_ological community. We expect this network to be used extensively by 

the meteorological community in the future , to study both winter and warm-season precipitation 

systems. This use would range from the study of cyclonic upslope storms and flood events, to 

supercell storms. The network can be easily supplemented by aircraft observations and ground­

based instrumentation (e.g., a lightning interferometer) to provide a low-cost, comprehensive 

experimental design to study a wide range of precipitation systems. 

ii) - : Because we have two transmitters on the CHILL system, 

we have the capability to radiate any state of polarization. Currently, we are evaluating slant 45 

and circular (right hand/left hand) polarization bases. The goal here is to evaluate additional 

microphysical information obtainable with circular polarization based on the extensive 

experimental and theoretical framework provided by previous studies (McCormick and Hendry, 

1975; Hendry et al., 1987; Antar and Hendry, 1987). One advantage of the circular basis is that 

the mean tilt angle of the propagation medium can be determined and the specific differential 

attenuation and phase along the principal axes can be estimated for homogeneous propagation 

sections. Both raindrops and ice crystals form an anisotropic propagation medium. In particular, 

h the mean tilt angle of the ice crystals changes from horizontal orientation to vertical orientation in 

the presence of in-cloud electric fields, and orientation changes caused by lightning discharges can 

be detected in real-time (Metcalf, 1995; Krehbiel et al. , 1996). We believe that it is time to combine 

the best aspects of conventional linear polarization(horizontallvertical) and circular polarization 

(RHCILHC) to enhance hydrometeor classification and quantitative microphysical retrievals 

Long wavelengths (i.e. S-band) are best for this application because of reduced Mie scattering 

effects. It is also desirable to radiate linear and circular polarizations with full polarization agility 

because of statistical considerations. 
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While theoretical and experimental results are available for transforming from linear to 

circular basis (e.g., Jameson and Dave, 1988; Holt, 1988), they are based on assumptions of the 

mean tilt angle of the propagation medium being zero, and on certain symmetry properties of the 

individual particles as well as of the ensemble as a whole (i .e. , mirror reflection symmetry). In 

addition, the differential attenuation is assumed to be negligible, which while generally considered 

to be a good assumption at S-band, is now known to be non-negligible when the differential 

propagation phase in rain exceeds around 150 degrees (Ryzhkov and Zmic, 1995). Thus, we 

believe that we can optimize retrieval of quantitative rainfall amounts, and enhance hydrometeor 

classification in regions above and below the o· C level using a combination of linear and circular 

polarizations with polarization agility. Our goal is to achieve this capability by 2004. 

b. 2005 - 2010 

Our goals for the longer term are to upgrade the CSU-CHILL radar with a new antenna 

and to acquire surplus NEXRAD transmitters to replace the aging FPS-18 transmitter technology 

The cleaner output pulse of the 88D transmitters would also be an advantage in our circular/slant 45 

polarization work. Furthermore, the entire radar system will be significantly easier to maintain 

with more modern transmitter technology. 

Currently we are at the limit of antenna accuracy provided by prime-focus fed reflector 

antenna technology. In regions of homogeneous precipitation, this technology is sufficient for 

polarization measurements (system linear depolarization ratio limit of -32 to -34 dB), but copolar 

sidelobe levels along the plane of the feed support struts (45/135 degree planes) are relatively high 

(-27 dB) and do not fall sufficiently fast with angle deviation from boresight. This type of reflector 

desiim limi esign limits the polarization accuracy when precipitation is non-homogenous, and in particular, 
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when cross-beam precipi!ati~:m gradi,ents exceed around 20-30 dB 1cm-1 (depending on range) 

Cloud models and high resolution (e.g. ; vertical pointing) radar data show that much larger spatial 

gradients exist in storms, especially near the updraft/downdraft interface. To reduce errors, the 

copolar sidelobe levels must be as low as possible (in any plane) and this necessitates an offset-fed 

reflector design, which eliminates feed and strut blockages, yielding an improvement of around 8 -

10 dB in close-in, worst-case copolar sidelobe levels (to around -35 to -37 dB) compared to prime­

focus fed reflectors. 

The offset-fed antenna was chosen for the early Canadian research, and several research C­

band systems in Europe (Germany and Italy) use this design with great success. For linear 

polarizations, the offset design (even with an ideal feedhom) does generate cross-polarized lobes 

with peaks up to -27 dB in one plane. This will limit the LDR system limit to what can be achieved 

in center fed reflectors, though using a circular polarized feedhorn, depolarization ratio limit can be 

much lower (around -38 to -40 dB in homogeneous precipitation), as established by the Canadians. 

Since we contemplate transmitting linear (horizontal/vertical) in combination with circular 

polarizations, an offset Cassegrain design is desirable. The Italians have an offset Cassegrain 

antenna at C-band manufactured by Alenia that yields excellent copolar sidelobe levels, as well as 

excellent linear cross-pole lobe levels that are both 8 - 10 dB lower than our center-fed design 

(e.g., see Wilkinson and Burdine, 1980). We are not aware of any S-band offset Cassegrain radar 

antennas in existence, but Alenia has a S-band design. The acquisition of a new offset Cassegrain 

antenna will meet the scientific needs of the meteorological community until 2010 and beyond, in 

terms of providing the highest possible accuracy of radar measurements from a ground-based 

system at S-band 
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We realize that the new offset Cassegrain antenna is a very expensive item (estimated at 

$750K). However, if funded, this configuration will yield a superb, groUTid-based S-band radar for 

cloud physics and precipitation research, employing proven technology with high spatial and 

temporal resolution, and with full polarimetric capabilities. Scientists will have considerable 

flexibility in waveform design, i.e. , full polarization agility (including radiation of elliptical 

polarizations) and choice of range resolution and frequency agility. Such a meteorological radar 

does not exist today, and our long range plan is to make such an advanced facility available to the 

cloud physics and radar meteorology community. When combined with the Pawnee radar, a 

unique, dual-Doppler/polarimetric observational platform would be realized. We would expect 

many field programs take advantage of this network's unprecedented observational capabilities 

While plans are not firm, we plan to seek significant cost-sharing from Colorado State Univers」ty

for all equipment purchases. 

c. Relevance to NEXRAD Polarimetric Upgrade 

The National Severe Storms Laboratory(NSSL) is currently engaged in adding a 

polarimetric upgrade to the WSR-88D radar for improving rainfall measurements (Doviak and 

Zrnic, 1998). They propose transmitting essentially slant 45° linear polarization state (termed 

simultaneous transmission with equal power at Hand V polarizations), and receiving the horizontal 

and vertical components of the backscattered ellipse in a two-channel receiver. The 2 x 2 

coherency matrix will be measured on reception. The differential reflectivity (Zdr), differential 

phase （歸） and copolar correlation coefficient (Phv) will be directly obtained from the coherency 

matrix elements. Because the receive basis (H,V) is not the same as the transmit basis (slant 45° 

linear), cross-coupling due to scattering and propagation can potentially bias the estimates, 
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especially for Phv, and to..'.1 s~aller extent for Zdr and <!>dp· These potential biases have been 

simulated by Bringi et al. (1998), and by Doviak and Zmic (1998). Note that simultaneous 

transmission only implies equal power at H and V polarizations, and the phase difference can be 

arbitrary (zero phase difference implies slant 45° linear, while 90° implies circular polarization) 

The CSU-CHILL radar, because of its two transmitters, was recently used to test this 

scheme in a slight variant of the above mode whereby the received H and V components were 

alternately received via the same receiver (to permit greater accuracy in Zdr, <!>dp and Phv)- T扣s

mode is termed simultaneous transmit-alternate receive or the ST AR-mode (Brunkow et al. , 1997). 

Sample data were collected in a stratiform event, and in a convective storm with hail. These data 

showed that <j>dp and Zdr could be retrieved accurately, whereas Phv was biased low because of 

cross-coupling in the bright-band and the hail-bearing regions of the precipitation shaft (Bringi et 

al. , 1998). These initially promising experimental results and theoretical simulations lead Doviak 

and Zmic (1998) to conclude that … "simultaneous transmission of H, V waves is a sound method 

and should be tested". 

The CSU-CHILL radar facility can play an important role in the experimental testing phase 

for the polarimetric upgrade ofNEXRAD. We believe that the polarimetric upgrade to the WSR-

88D system is an important one for the National Weather Service, since improved rainfall 

estimation is vital for hydrologic application (e.g., flash-flood forecasting) . Indeed, one of our 

recent studies, Petersen et al. (1998), demonstrated markedly improved rain estimates for the 1997 

Ft. Collins flood using polarimetric radar vs. NEXRAD-based estimates. This is just one of many 

examples that can be cited demonstrating the improvements in estimating rain rates (even in the 

presence of hail) and in detecting hail via polarimetric radar. We also believe that the flexible 

CSU-CHILL configuration can play an important role in evaluating future polarimetric upgrade 
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schemes and algorithms. _ W_e are currently engaged in experimental and theoretical research related 

to the WSR-88D polarimetric enhancements, and expect to be so engaged during the period 2000-

2005 . We also expect to participate in robust polarimetric-based algorithm development for the 

WSR-88D, and to use the CSU-CHILL facility as a test-bed for refinement of algorithms. The 

WSR-88D system upgrades are potentially of enormous importance to the nation. The CSU­

CHILL facility can continue to play an important role in this effort. 

3. EDUCATION AND OUTREACH 

The CSU-CHILL radar facility plays an important role in various levels of education. Such 

activities include: 

i) Providing data for graduate research at M.S. and Ph.D. levels, 

ii) Radar hardware and signal processing methods for graduate classes, 

iii) Undergraduate projects (Capstone courses) and Research Experience for Undergraduates, 

iv) Undergraduate class demonstrations, and 

v) Junior High and High School visits and Regional Science Fair participation. 

Thus, the CSU-CHILL facility participates in a broad spectrum of educational and outreach 

activities from grade 8 through Ph.D. programs. CSU-CHILL data have been used by graduate 

students from many universities around the U.S. Similarly, undergraduate students from around the 

country have participated in summer research projects. 

During our existing cooperative agreement, we have developed an excellent infrastructure 

in terms of courses, programs, and projects related to the educational aspects of the CSU-CHILL 

facility. In the future we are ready to launch a major initiative towards what we call "Knowledge 

Networking of the CSU-CHILL Facility," which will lead to new levels of interactivity, and flow of 
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information and knowledge among researchers and students from across the entire country, or 

world, for that matter. This initiative will require funds for hardware upgrades in order to establish 

a high-bandwidth network between the CSU-CHILL facility and Colorado State University main 

campus. Two levels of network connectivity are proposed, namely: 

i) high speed real-time data to sites that can control the radar, and 

ii) lower speed, radar based product information such as rainfall rate, rainfall 

accumulation maps, locations of hail, and rain/snow transition regions etc ., for general 

purpose and scientific use . 

a. Signal and Data Flow from the CSU-CHILL Radar 

As discussed in Sec. 1, a new state-of-the-art signal processing and radar control system is 

being installed on the radar. The salient features of the new system are ease of programming, large 

叩d efficient internal memories, unsurpassed communication b皿dwidths and good isolation 

between data transfers and core digital signal processing activity. The new signal 

processing/receiver system will have a dynamic range of 100 dB, with a 0.05 degree RMS phase 

error within an integration cycle. The processor has a peak computation power of 2.8 GFLOPS and 

communication bandwidth of 240 Mbytes/sec without affecting DSP core operations. Total 

communications capacity in the base unit is approximately 2.88 Gigabytes/sec (sustained). The 

radar is completely computer controlled, including range gate selection and trigger, as well as 

transmitter phase control. 

Th e radar data will be arc}uved at the radar site and will be simultaneously transmitted to 

Colorado State University (CSU) radar lab. This path is currently incomplete. The radar site is 

physically close to the University of Northern Colorado (UNC). As part of this initiative we plan to 
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install a microwave link ~e~een CSU-CHILL and UNC, since UNC is well-connected to the CSU 

campus. Once the data reaches the CSU radar lab, the network servers will process them and then 

route it to two types of destinations, namely: 

i) Real-time display of base data and web images of product maps such as rainfall, 

location of hail, snowfall rate, etc., and real time video of radar operations 

ii) Destinations with products only 

The generation of products from raw radar data will be done at the radar lab. 

The network configuration to be developed will be an efficient low-latency link between the 

CSU-radar lab and the radar facility. The development will be based on the Integrated Network 

Communication Architecture (INCA) research at CSU. 

b. Scope of the Initiative 

The proposed initiative includes a multitude of tasks including: 

i) hardware upgrade, 

ii) development of software for network applications, 

iii) development of radar algorithms, and 

iv) installation and training at remote sites. 

The hardware installation and radar algorithm development work must precede much of the 

other tasks envisioned. Though several algorithms are available for radar applications such as 

rainfall rate, rainfall accumulation, hail location, etc., the algorithms have never been developed for 

robust performance under the real-time applications of the type discussed here. Thus, significant 

effort will be spent on generating robust algorithms for networking applications. Once the 

hardware upgrade from CSU-CHILL to the EE radar lab is in place, the network protocol 
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development to transfer ~at~ to the radar lab can be initiated in parallel. Subsequently, a single site 

remote operation of the radar with real time data transmission will be developed and tested. Once 

this part of the project is in place, then web-based products at lower data rate (frame-by-frame or 

volume-by-volume upgrade) will be developed with specific software for monitoring targeted 

regions of interest to the audience. 

The specific plan is itemized as follows: 

2000-2002 

i) Install microwave (or other high speed) link to UNC from the CSU-CHILL radar. 

ii) Upgrade servers at the radar facility, CSU radar, and INCA laboratories. 

iii) Implement high level protocols for retrieving and staging CSU-CHILL radar data at the 

CSU main campus. 

iv) Development of radar data processing and algorithm testing for radar products and quality 

control. 

2002-2005 

i) Algorithm development and testing for multiparameter radar real time products. 

ii) One prototype of remote control of radar including parameters such as pulse repetition time, 

(PR T), scan rate, and integration cycle will be developed. 

iii) Development oflnternet plug-in software for accessing data from the web. 

iv) The software will allow users to customize the access of data. 

2005 - 2010 

During this time frame we expect to have the real-time data networking as well as remote 

control working. Part of the effort will also involve developing documentation and field testing the 

developed products in field experiments in collaboration with other projects. 
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c. Potential Impact of the Initiative 

This initiative will have substantial impact on radar operations by bringing the facility much 

closer to scientists in a virtual sense . In addition, since it has the potential to increase simultaneous 

observation/monitoring by many scientists, there is a good chance for collecting unique data sets 

and making significant progress scientifically, thus reducing the overall cost of research. A large 

component of this CSU-CHILL education and outr~ach objective resides in a proposal submitted to 

the Knowledge and Distributed Intelligence program at NSF. If this KDI proposal is funded, costs 

for the initiative, as outlined in this Strategic Plan, would be considerably reduced. 

4. FUZZY LOGIC-BASED CLASSIFICATION OF HYDROMETEOR TYPES 

One of the important applications of polarimetric radar is hydrometeor classification, which 

is the first step towards quantitative precipitation forecasting. Based on the existing polarimetric 

radar measurements and the current knowledge about these hydrometeors, a Neuro-Fuzzy system 

for automatic classification of hydrometeor type is currently being developed at CSU. 

Five radar measurements, namely, horizontal reflectivity （為）， differential reflectivity 

(Zdr), specific differential phase （氐p) , correlation coefficient (Phv), and linear depolarization ratio 

(LDR), have been used as input variables to the Neuro-Fuzzy network. The output of the Neuro­

Fuzzy system is one of the many possible hydrometeor types, which are: 

drizzle, 

ii) rain, 

iii) dry and low density snow, 

iv) dry and high density crystals, 
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v) wet and melting snow, 

vi) dry graupel, 

vii) wet graupel, 

vi.i.i. ) small hail, 

ix) large hail, and 

x) mixture of rain and hail. 

Appropriate fuzzy rules are defined according to prior knowledge. 

The Fuzzy Logic and Neuro-Fuzzy system have been applied to radar data and successfully 

compared against in-situ measurements. We plan to implement this fuzzy logic classification in the 

product display in real-time using the new signal processor. This real-time hydrometeor 

identification, coupled with real-time kinematic information via dual-Doppler analyses, will 

provide new insights into storm dynamics and microphysics. Furthermore, having real-time access 

to these resources will allow for effective decision-making in field programs. 

·· 
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5. TIMELINE, EQUIPMENT BUDGET DETAIL, AND BUDGET PROJECTIONS 

. 

10/98-5/99 -: This upgrade would involve the replacement of 
the hydrogen thyratron modulator tubes and trigger amplifier chassis. The trigger 
amplifier chassis is currently a complex system consisting of a delay circuit, a small 
thyratron and pulse forming network. The replacement of this assembly by a solid 
state module will significantly improve the stability of the modulator delay. The 
overall reliability of the transmitters would also be improved through the elimination 
of the trigger amplifier chassis as well as the elimination of the 300, 800, and 5,000 
volt power supplies. The instability of the modulator delay is believed to be the 
major source of drift in the ZDR calibration. This improvement may also reduce 
the intra-pulse phase shift thought to be the limiting factor in the polarization purity 
in the current circular/slant 45 operation. Cost: $8,000 

I 0/98-5/99 ~ This upgrade would consist of waveguide 
modifications which would allow the transmission of a single high purity 
polarization basis which could be tuned for either circular or slant 45. In this mode, 
the output from a single transmitter would be split equally and fed to both ports on 
the antenna. A mechanically tuned high power phase shifter would trim the phase of 
one channel to provide the desired output polarization. These polarization bases 
would offer improved cross-polarization signal strength which would be of 
particular advantage in winter precipitation situations. It has the disadvantage of 
limited agility since it would take 30-60 minutes to restore the waveguide to the 
normal VH configuration. Cost: $2000 if Canadian phase shifter is available for 
use. 

1/2000 

5/2001 

• 

·· 
5/2002 

~ This would involve the use of the short pulse operations 
provided by the new Lassen Digiceiver processor. The 45-meter samples would be 
「ange averaged back to provide 225-meter samples with a scan rate of 12 degrees 
per second, double the current scan rate. This upgrade will require no hardware 
modification other than the new signal processor, scheduled for installation in the 
fall of 1998. This mode will likely be tested during the 1999 summer operations. 
Cost: NIA 

~ This upgrade would add a frequency-hopping mode, 
which would triple the rate of independent sample acquisition. It would add two 
ST ALO oscillators and a high-speed selector switch. This would raise the scan rate 
to approximately 18 degrees per second at 225-meter range resolution. It is not clear 
whether this mode of operation would be permitted, but hopefully it would be 
allowed at least on an experimental basis. Cost: $4,000 

~ This upgrade would involve the addition of a high-speed 
data link to the CSU-Pawnee Radar near Nunn, CO. The radar control circuits and 
signal processor would also be upgraded to facilitate reliable remote operations. 
Conversion to a rectangular grid would be done by a workstation at the remote site. 
This would reduce the required data rate to the level of a switched phone line or 
spread spectrum radio modem. The addition of radar control circuits would allow 
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unattended operation of the system. Raw data files would be archived on local disk 
storage and transferred to CSU-CHILL in a post-operations mode. Cost: $100,000 

2005-2010 ~固s would involve replacing the existing FPS-18 transmitters 
with surplus 88D transmitters that may be available though the Department of 
Defense. It is not clear when these might be available, hence the broad time frame . 
These transmitters would be more reliable and more maintainable than the FPS-18 
units. The cleaner output pulse of the 88D would likely be an advantage in the 

• circular/slant 45 mode of operation. When the transmitters become available, they 
could be installed in a new shipping container without interrupting operations of the 
current radar configuration. Cost: $60,000 

2005-2010 - The current prime-focus reflector antenna on the CSU­
CHILL system, while a big improvement over the original antenna, is still limited 
because of feed and support strut blockages, especially in the sidelobe performance 
in the plane of the struts (45/135 deg planes). We believe we are at the limits of 
performance that can be achieved with the current design. Elimination of feed and 
strut blockage is essential to improve the sidelobe performance in all planes. The 
offset Cassegrain design enables the attairunent of vanishingly small sidelobe levels 
(about 10 to 15 dB better than prime-focus reflectors), and with a well-designed feed 
can give outstanding cross-polar performance. Such high performance is needed to 
eliminate gradient-induced artifacts in the polarization measurements and is vital for 
accurate cloud physics studies. The offset Cassegrain antenna is currently used by 
NOAA/ETL 35 GHz cloud radar and by the Italian C-band research radar. Cost 
estimated at: $750,000 
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CHILL New Equipment Budget 
(1 O year projection) 

` EQUIPMENT COST 

RadarFaciliW Equipment Pµrchase 

2001 : ST ALO oscillators 

2002: Real-time dual-Doppler 

2005-2010: Transmitter upgrade 

2005-2010: Offset Cassegrain Antenna 

Qµtreach lnitiative:Hardware rqmts... 
3 high-end workstations 

Hardware for building links 

Microwave (or other) link cost 

Disk farm (data storage/distribution) 

Network upgrade @ radar lab 

UNC link costs 

2 high end user (remote) terminals 

2 low data rate user (remote} terminals 

4 ,000 

100,000 

60,000 

750 ,000 

0 

0000OOO 

000O0O0O 0O00 

00OO 

',','

,

'

, 

O00OO5OO 6133321 

TOTAL COST: $1,109,000 

` 
*These costs would be borne by NSF/KOi and CSU if 

NSF KOi proposal is funded. 
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