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1 Introduction formed by a consortium of four universities namely (listed al-
phabetically), Colorado State university, University of Mas-
Conventional meteorological radars provide coverage forsachusetts (lead University), University of Oklahoma, and
long ranges (often hundreds of kilometers) and supportUniversity of Puerto Rico and partnership with industry and
weather surveillance and hydrological monitoring applica- government labs to create the underlying science and engi-
tions by using high power transmitters and mechanicallyneering basis for new paradigm of networked radars applied
scanned antennas. These systems operate at wavelengthsténhazardous localized weather detection, tracking, and pre-
5-10cm range in order to minimize attenuation due to pre-dicting.
cipitation, and this necessitates the use of physically large an- This paper describes the governing physical principles for
tennas to achieve good resolution at distant ranges. Researdperating a networked radar system at attenuating frequen-
radars with observations at short ranges have demonstratesies. Models of backscatter and forward scatter of precip-
great potential for “targeted applications” such as tornadoitation volumes are studied to enable retrievals of intrinsic
detection and flash flood monitoring. Therefore it would be reflectivity and velocity. High-resolution observations from
desirable to develop radar systems for targeted applicationsthe CSU-CHILL radar are used to evaluate the impact of
The usefulness of radar to a specific application is heavilyspace/time variation of precipitation in a networked radar en-
dependent on the accuracy and resolution of coverage. A funvironment. Preliminary results of the analysis conducted at
damental physical limit imposed by transmission from single X band frequencies are presented.
radar is the problem of changing resolution as a function of
range. In addition the lowest coverage altitude gets higher
with range due to earth curvature. As an alternate solutionp  attenuation statistics for radar design at X-Band
a networked radar environment concept has been proposed
(Chandrasekar and Jayasumana, 2001; McLaughlin, 2001 enyation due to precipitation is perhaps one of the most
The basic principle of the networked radar environment is 0y hortant factors to be dealt with while developing radars
be able to provide good coverage, in terms of accuracy andy high frequencies such as X-band. X-band radars suffer
resolution to a large a!rea“through a network of r”adars: In Orglectromagnetic wave attenuation due to rain. For X-band
der to be able to provide “economically feasible” solution t0 5 4ar design it is important to characterize the possible atten-
this apprE)ach, met,faorologlcal radar operation must chang§ation for a given maximum range of operation. The only
from the “preferred” S band operation to higher frequenmesway to collect such data is from dual frequency radar sys-

(just as space borne weather radar systems). However thefgy, yith matched beams, one at non-attenuating frequency

are new sets of problems at higher frequencies, the major ongn the other at attenuating frequency. This paper presents

being the impact of attenuation due to precipitation. In addi-o, jngirect approach to build such statistics. Chandrasekar

tion the requirement for combining observation from multi- o 4 (2002) discuss simultaneous observations of rain by

ple radars also provides additional sets of challenges. dual polarization radars at S- and X-band. Chandrasekar et
The U.S National Science Foundation recently establishedy (1990) showed that specific attenuatiagf X at X-band

an Engineering Research Center titled the Center for Col pe predicted from specific differential phangp() ats
laborative Adaptive Sensi f the At . ;
piive Sensing of the Atmosphere (CASA), band. The relations betwee!fﬁp andk;X can be written:
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Specific Differential Phase ﬁdp at S band
Fig. 2. Attenuation margin at X band frequency. Curves are ob-
Fig. 1. Relationship between specific attenuation at X band andtained using data collected from various radar ranges, i.e. 30 km to
specific differential phase at S band for widely varying DSD. 90 km. Attenuation statistics computed from differential phase ob-
served by CSU-CHILL radar.

wherek}¥ is specific attenuation at X-band in horizontal po- _ - o

larization andk$ is specific differential phase at S-band Of the phenomena being observed. Specifically designing

(Bap)- P radars for short-range operation needs extensive emphasis
Figure 1 shows a scatter plotgf versusk S for widely for clutter mitigation. At close ranges the equivalent radar

varying raindrop size distribution. Based on the result shownr€flectivity due to clutter can easily be in the 40 to 60dBZ

in Fig.1, the cumulative attenuation at X-badgf can be  range, whereas the phenomena _bemg observed such as light

related to the differential propagation phase at S band as ~ ain or tornado may have echoes in the range of 20 to 40 dBZ.

Therefore extreme care is needed for clutter mitigation.

R R
=2 [T~ [ akg o0 —ass, @

4 Range-velocity ambiguity
Two months of data collected by the CSU-CHILL radar (S-

band) during the STEPS campaign (Severe Thunderstormyoppler weather radars transmitting pulses with uniform
Electrification and Precipitation Study; conducted along thepyse repetition frequency (PRF) have a fundamental limita-
Colorado/Kansas border, May 26Jul 19, 2000) collected  tjon on maximum unambiguous rangg.{f) and maximum

by CSU-CHILL radar (S-band) were used in the estimationynambiguous velocity (y..) given by

of the attenuation at X-band. For a given range, the cumu-

lative density function of attenuation was calculated to com- ch 3)
pute the attenuation exceedence curves. Figure 2 shows th8®“ ™™ g~

two-way attenuation statistics for the geographical region un-

der study. Such statistics are useful in developing attenuatior|1n Eg. (3)2 Is radar wavelength andis the velocity of light.

margin for X-band frequency. It can be seen that if the radar'vIOVIng to higher frequencies such as X-band brings down

. S . the ruax vmax DY a factor three compared to S-band. For ex-

[228;;;3852}130;3;; precipitation cells will cause the at- ample if r,4, is kept at 150 km with a 1 millisecond pulse
y ’ repetition time, the,,, at X-band drops ta-7.5 m/s. There

is always a trade off betweef,, andv,,., (Range-velocity
ambiguity). Precipitation echoes can be distributed over a
large area and the dynamic range of the radar reflectivity can
Radars designed for targeted applications at short ranges mibe as high as 65 dB resulting in range overlay. Velocity mea-
igate the earth curvature problem and provide finer resolutiorsurements can spaf100 m/s in severe storms resulting in
with smaller antennas compared to their S-band counterpartsielocity folding. Figure 4 shows the range-velocity limita-
Figure 3 (adopted from NRC 1995) shows the typical “lack tion of an X-band radar compared to S-band radar.
of” low altitude coverage at far ranges. However radar ob- X-band radars have a low unambiguous velocity due to
servations at short ranges are contaminated by ground cluttetheir short wavelength, and increasing the PRF to mitigate
Ground clutter at close range could come from side lobes othis problem will result in multiple trip overlays as storms
the antenna or main lobe, depending on the radar altitudean extend over a large distance. It can be observed that

3  Ground clutter
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Fig. 3. The typical “lack of” low altitude coverage at far ranges (adopted from NRC 1995).
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Fig. 4. Comparisons of range-velocity limitations for S-band and Fig. 5. Concept of networked radar environment.
X-band radars.

range-velocity ambiguity is much more severe for X-band5 Networked radar environment
radars compared to the conventional S band.

Several range-velocity ambiguity mitigation schemes haveFigure 5 shows the intrinsic reflectivity at X-band that was
been proposed. Staggered pulsing can be used to increase thienulated from S-band observations. Figure 5 also shows a
unambiguous velocity whereas phase coding of the transmithetwork of six radars A, B, C, D, E and F observing the same
ted pulse can be used to mitigate range overlay (Zrnic andtorm cell. Using a fairly accurate methodology to simulate
Mahapatra, 1985). Implementing these techniques for gooK-band observations (Chandrasekar et al., 2004), Figs. 6a
performance at X-band is challenging and several solutionand b show the observations of the same storm by X-band
are being evaluated (Bharadwaj et al., 2004). All the aboveradars located at A and C. The observed reflectivity by radars
methods have been tested with S-band and C-band radarA. and C is different than the intrinsic reflectivity shown in
Application to X-band is being evaluated. Fig. 5 because of path attenuation, which is dependent on the
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130 close to the radars, were very unstable. Coherent polarization
diversity radars brought significant advancements for attenu-
ar 120 ation correction in rain through the use of differential prop-
120 agation phase. This ability has accelerated the consideration
o} 15 of X-band radars for rainfall monitoring.
0 : e : : L . . . .
o 10 20 TR 50 B0 70 10 The differential phase attenuation correction procedure

(DP) is fairly simple to implement. The DPC method is not
as simple, nevertheless easy to implement in modern pro-
cessors. Regarding the correction of cumulative attenuation,
both algorithms provide similar performance, with the differ-

radar reflectivity can be retrieved from these observations usEXxtensive study on these algorithms has been performed, and

following section. gorithms could keep the corrected reflectivity withiri dB

for 85% of the time, for the intense rain cells studied (Chan-

5.1 Attenuation correction using dual-polarization radar drasekar et al., 2004). In absence of measurement errors DP
measurements algorithm can provide much better estimates of the specific

attenuation estimates compared to DPC method. However,
Differential phase measurements have been shown to be venyractical issues associated with slope estimation reduce the
useful for correcting the measured reflectivity for precipita- resolution of the specific attenuation estimates, and suppress
tion induced attenuation. This section describes two attenupeaks. Figure 7 shows the normalized standard error (NSE)
ation correction methodologies with specific emphasis on X-and bias of cumulative attenuation estimates for an 18 km
band. Simple differential phase based algorithm (DP) as welfkain path over intense precipitation. The NSE is defined as
as the range-profiling algorithm based on differential phasestandard deviation normalized with respect to the mean. At
constraints (DPC) were compared. Both of the algorithms forshort ranges the “absolute attenuation” is fairly small and the
attenuation correction work fairly well (Bringi et al., 1990; NSE is high due to that. For intense rain paths less than
Testud et al., 2000). Attenuation correction is required for10 km 95 % of the attenuation, corrected reflectivity stayed
any applications of radar data, such as feature detection alwithin 1 dB of the intrinsic value, demonstrating the ability
gorithms, or rainfall estimation. Attenuation correction using of the differential phase based attenuation correction as well
reflectivity measurements alone, done iteratively from rangesss DPC correction.

Fig. 6. Measured reflectivity by radar A (a) and C (b).
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Fig. 8. Schematic showing the conceptual arrangement for reflec-

tivity retrieval with networked radars.

5.2 Reflectivity retrieval in the networked radar environ-

ment
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An alternate approach for to attenuation correction can di-
rectly use the networked radar approach. The specific atten-
uation distribution can be obtained from the integral equation
for reflectivity, in a manner similar to that used with a differ-

ential phase constraint. The set of governing integral equa-
tions describing the backscatter and propagation properties
of a common resolution volume are solved simultaneously
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with constraints on observed total path attenuation.

A three-radar network system is used for illustration as

shown in Fig. 8. The retrieved reflectivityZ{(r)) can be
expressed in terms of the measured reflectivity, ()) and
specific attenuatiork(,) at ranger as

r

Ze(r) =Zn(r) + 2/ kn(s)ds 4)
o

If we know the intrinsic reflectivity Z. (r,,,)) at range,, the
specific attenuation along the path can be described as

AZ(rm) = Ze(tm) — Zin(tm); (5)
[Zn (r)]P (AQPPAZGm) — 1)

SO = ) + APVAZo Dl O
1(ro; ) = 0.46b / [Zn(5)1Pds )

o

Fig. 9. (a) Intrinsic reflectivity and (b) retrieved reflectivity.

networked based solution is developed to solve for the intrin-
sic reflectivity and attenuation (Lim et al., 2004).

The optimum retrieved reflectivity at poidt in Fig. 8 can
be obtained by networked radar approach. Figure 9 shows
the intrinsic reflectivity and retrieved reflectivity for common
region by each radar, where as Fig. 10 shows the scatter plot
of intrinsic reflectivity versus retrieved reflectivity. The stan-
dard deviation of the difference between intrinsic reflectivity
and retrieved reflectivity is 0.62 dBZ, showing good perfor-
mance.

6 Conclusions

Center for Collaborative Adaptive Sensing of the Atmo-
sphere (CASA) is a consortium of universities, industry

whereAZ(r,,) is the difference between intrinsic reflectivity and government labs, established recently to develop the
and attenuated reflectivity, namely two-way cumulative at-paradigm of networked radar environment, operating collab-

tenuation, and parametercorresponds té — Z relation. A

oratively adapting to the needs of the end users, as well as the
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prevailing environment. The preliminary results shown hereChandrasekar, V., Bringi, V. N., Balakrishnan, N., and Zrnic, D. S.:
demonstrate that a distributed network approach, operating Error Structure of Multiparameter Radar and Surface Measure-
collaboratively adapting to the prevailing characteristics of ~ments of Rainfall, Part Ill: Specific Differential Phase, J. Atmos.
precipitation can provide reasonable solutions to challenging_ Oceanic Technol., 7, 621-629, 1990. ,
problems such as retrieval of intrinsic reflectivity. Similar so- Chandrasekar, V. and Jayasumana, A. P.: Radar Design and Man-
lutions are being pursued to resolve other challenges such as 296ment in a Networked Environment, Proceedings, ITCOMM,
multi-dimensional Doppler retrieval and clutter mitigation Denver CO, 142-147, 2001. - )
. - - . ' ?handrasekar, V., Gorgucci, E., and Baldini, L.: Evaluation of po-
In order. to enable operatlc_)ns at higher freql.JenC|e.s.. Severa larimetric radar rainfall algorithms at X-band., ERADO02, 277—
generations of test beds will be developed with the initial one 581 2002.
being a network of X-band radars with mechanically scannedchandrasekar, V., Gorgucci, E., Lim, S., and Baldini, L.: Simula-
antennas and the subsequent ones will include advances suchtion of X-Band Radar Observation of Precipitation from S-Band
as electronic scanning. Measurements, Proceedings of IGARSS04, 2004.
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