NEXRAD Data Quality Optimization
Annual Report for Fiscal Year 2004
b) Thresholded on ORPG APDA

a) Original Reflectivity

A

A

B

B

c) Thresholded on Spectral APDA

d) Thresholded on Spectral APDA
(no Doppler channel variables)

A

A

B

B

National Center for Atmospheric Research
Earth Observing Laboratory
Research Applications Laboratory

Boulder, CO

NEXRAD Data Quality Optimization
Annual Report for Fiscal Year 2004
Cathy Kessinger, Scott Ellis, Joseph Van Andel, John Hubbert
and Greg Meymaris

National Center for Atmospheric Research1
Research Applications Laboratory/Earth Observing Laboratory
Boulder, CO 80307-3000
20 March 2006
Submitted to the
WSR-88D Radar Operations Center (ROC)
NEXRAD Data Quality Optimization
Norman, OK

Cover Image: An example is shown where spectral variables are used to improve the performance of
the AP ground clutter detection algorithm (APDA). Data from KOUN are shown in a) the
unthresholded reflectivity, b) the reflectivity thresholded on the ORPG version of the APDA where
values are in excess of 0.5, c) the reflectivity thresholded on the APDA where new spectral variables
derived within the ORDA are included as feature fields, and d) the reflectivity is thresholded on the
APDA with the same spectral variables as in c) but feature fields using the Doppler channel are not
included as feature fields. The red boundary labeled ‘A’ includes radar return from precipitation while
the red boundary labeled ‘B’ contains mixed precipitation and ground clutter return. Notice in ‘A’ that
the ORPG version of the APDA removes more precipitation than the spectral versions of the APDA
and in ‘B’ that less precipitation echo is removed in mixed conditions. See text in Section XX.X for
additional information on these data.

1

The National Center for Atmospheric Research is sponsored by the National Science Foundation.

Table of Contents
Page
Executive Summary .............................................................................................................. 1
1.0 Overview of the NEXRAD Data Quality Optimization Program .............................. 2
1.1 Introduction .................................................................................................................... 2
1.2 The AP Clutter Mitigation Scheme ............................................................................... 3
1.2.1 The Radar Echo Classifier ..................................................................................... 3
1.2.2 Compensation Algorithms to Correct Clutter Filter Bias in Moment Data ............. 3
1.2.3 Automated Clutter Suppression ............................................................................... 3
1.2.4 Clutter Residue ........................................................................................................ 4
1.3 Implementation Plan for the Open Radar Product Generator (ORPG) ........................... 4
1.4 Implementation Plan for the Open Radar Data Acquisition (ORDA)............................. 4
2.0 The Radar Echo Classifier .............................................................................................. 7
2.1 Introduction...................................................................................................................... 7
2.2 Implementation of ORPG-CODE.................................................................................... 7
2.3 REC-APDA Performance in Office of Hydrology and Radar Operations Center
Cases ....................................................................................................................... ...7
2.3.1 Kansas City, MO (KEAX) 23 March 2004 at 1443 UTC ..................................... 8
2.3.2 Kansas City, MO (KEAX) 9 April 2004 at 2332 UTC ....................................... 10
2.3.3 Kansas City, MO (KEAX) 29 April 2004 at 1859 UTC ..................................... 10
2.3.4 Kansas City, MO (KEAX) 30 April 2004 at 1231 UTC ..................................... 12
2.3.5 Mobile, AL (KMOB) 16 September 2004 at 0757 UTC..................................... 13
2.4 Stratiform/Convective Partition ....................................................................................... 14
2.5 The Clutter Mitigation Decision (CMD) ......................................................................... 16
2.6 Future Plans with Spectral Domain Techniques.............................................................. 18
Appendix 2.A Fuzzy Recognizer Feature Field Calculations................................................ 20

i

Table of Contents
Page
Appendix 2.B Errata for the REC Algorithms....................................................................... 25
2.B.1 The Anomalous Propagation Detection Algorithm (APDA) ............... ................. 25
2.B.2 The Precipitation Detection Algorithm (PDA) .................................... ................. 26
2.B.3 The Insect Clear Air Echo Detection Algorithm (ICADA) ................. ................. 26
2.B.4 The UAE Radar Data Quality Enhancements ...................................... ................. 26
2.B.4.1 The modified Anomalous Propagation Detection Algorithm (mAPDA) 28
2.B.4.2 The Sea Clutter Detection Algorithm (SCDA) ...................................... 28
3.0 Compensating Base Data Fields for Clutter Filter Bias ........................... ................. 30
4.0 Spectral Processing ........................................................................................ ................. 34
4.1 Introduction...................................................................................................................... 34
4.2 Spectral Processing Examples ......................................................................................... 34
4.2.1 Weather Echo Spectra with Contamination ........................................................ 34
4.2.2 Bird Echo Spectra................................................................................................ 43
5.0 References ....................................................................................................................... 52
6.0 Bibliography for NEXRAD Data Quality Optimization ............................................ 57
Appendix A. Ellis, Kessinger, O’Bannon and Van Andel 19th IIPS Conference Paper 60
Appendix B. Kessinger, Ellis, Van Andel and Yee 31st Radar Conference Paper ......... 61
Appendix C. Kessinger, Ellis, Van Andel, Yee and Hubbert 20th IIPS Conference
Paper ........................................................................................................................ 62
Appendix D. Kessinger presentation at the NEXRAD Technical Advisory
Committee meeting of 28 May 2003 ....................................................................... 63
Appendix E. Kessinger slides for Hubbert presentation at the NEXRAD Technical
Advisory Committee meeting of 19 October 2003 ................................................ 64

ii

Annual Report for Fiscal Year 2004
NEXRAD Data Quality Optimization
Executive Summary
This document summarizes the work done by the National Center for Atmospheric
Research (NCAR) during fiscal year 2004 (FY-04) for the NEXRAD Data Quality
Optimization program. The implementation on the ORPG and progress made at NCAR
on the Anomalous Propagation (AP) Clutter Mitigation Scheme are discussed.
An updated AP Clutter Mitigation Scheme is proposed that has begun implementation
within the operational Open Radar Product Generator (ORPG) and has a new capability
under development for the Open Radar Data Acquisition (ORDA). For the ORPG, the AP
Clutter Mitigation Scheme uses the fuzzy logic based Radar Echo Classifier (REC) to
detect the presence of AP clutter echoes as separate from precipitation echoes, and other
radar scatterers as necessary. The reflectivity compensation algorithm (Z-Comp) corrects
the bias in the reflectivity field that is caused from application of the ground clutter
filters. Outputs from the REC and the Z-Comp algorithms will be input into the Enhanced
Precipitation Pre-processing System (EPRE) to improve radar-derived rainfall amounts.
With the deployment of the ORDA in Build 6, new capabilities for ground clutter
detection and removal will be available through the use of spectral processing techniques.
For this reason, the design of the AP Clutter Mitigation Scheme for clutter filter
specification and control has been modified. Within the ORDA, spectral processing
techniques can remove clutter in the spectral domain and compensate the reflectivity in
one step. However, stratiform precipitation centered on zero radial velocity is a limiting
case for spectral domain removal of ground clutter. A new clutter detection system,
called the Clutter Mitigation Decision (CMD), is in the planning stages and will be able
to discriminate precipitation return from ground clutter return and will disable clutter
filters within precipitation. This new plan for the AP Clutter Mitigation Scheme is an
improvement over the ORPG-based scheme that was hampered with a 1-volume delay in
ground clutter removal.
The AP Clutter Mitigation Scheme began implementation within the ORPG in Build 2
during September 2002. The REC AP Detection Algorithm (APDA) was implemented in
ORPG with output displayed on the clutter filter control (CFC) panel of the human
control interface (HCI). For Build 5 (spring 2004), the output from the REC APDA will
be used by EPRE to remove ground clutter contamination from the Hybrid Scan
Reflectivity (HSR). The next deployment (as yet unscheduled) will be the REC
Precipitation Detection Algorithm (PDA) and the Z-Comp algorithm.
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1.0 Overview of the NEXRAD Data Quality Optimization Program
1.1 Introduction
This document summarizes the work done by the National Center for Atmospheric
Research (NCAR) on the NEXRAD Data Quality Optimization Program funded by the
Radar Operations Center (ROC). The goals of this program are to improve the quality of
the base data from the Weather Surveillance Radar-1988 Doppler (WSR-88D) systems
with special emphasis on the problem of ground clutter return due to anomalous
propagation (AP) conditions.
Ground clutter contamination within radar data has two sources: normally-propagated
(NP) ground clutter from stationary targets such as buildings, trees, or terrain, and
anomalously-propagated (AP) ground clutter that arises from particular atmospheric
conditions within the planetary boundary layer that duct the radar beam to the ground.
Because NP targets are stationary and “unchanging,” they are relatively easy to remove
with the clutter background (or bypass) maps that reside within the WSR-88D Open
Radar Product Generator (ORPG) Clutter Filter Control (CFC) panel. However, AP
clutter can evolve and dissipate as atmospheric conditions change. Presently, recognition
of the presence of AP clutter is the responsibility of the National Weather Service (NWS)
forecasters, who must manually modify the clutter filter maps to specify additional
regions of clutter filter application. Automatic detection of the AP ground echoes and the
specification of ground clutter filters to remove the AP echoes will augment current
WSR-88D capabilities, improve the quality of the base data fields and downstream,
derived products and relieve forecasters of this tedious responsibility.
To meet program goals of improving data quality (Saffle, 1997), an “AP Clutter
Mitigation Scheme” has been comprehensively outlined in previous Annual Reports for
Fiscal Years 1998 through 2003 (Kessinger et al. 1998; Kessinger et al. 1999; Kessinger
et al. 2000; Kessinger et al. 2002; Kessinger et al. 2003a) and is further discussed in this
report. The AP Clutter Mitigation Scheme consists of: 1) computer algorithms based on
“fuzzy logic” (Kosko, 1992) for the classification of various types of radar echoes, 2)
compensation of reflectivity bias caused by application of the ground clutter filters, and
3) an automated system of ground clutter filter specification and control.
Implementation of the AP Clutter Mitigation Scheme began in the WSR-88D Open
Systems (Saffle et al. 2001a; Saffle et al. 2001b) with ORPG Build 2 when the AP clutter
detection algorithm (APDA) was implemented. For Build 5, scheduled for deployment in
spring 2004, the APDA algorithm is used in the Enhanced Precipitation preprocessing
system (EPRE, O’Bannon and Ding, 2003) to remove ground clutter. Improvements and
bug fixes were accomplished for the APDA during this development with EPRE that are
discussed further in Section 2.
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1.2 The AP Clutter Mitigation Scheme
Radar return from AP clutter is an unpredictable event that often contaminates
precipitation measurements, causing erroneous radar-derived rainfall estimates and
confounding operational applications of WSR-88D data. Atmospheric conditions in
which AP radar echoes are observed are caused by time-variable radar refractivity
profiles that modify the propagation characteristics of the planetary boundary layer. In
this section, the AP Clutter Mitigation Scheme is discussed briefly with updated
descriptions of completed work in following sections.
1.2.1 The Radar Echo Classifier
The radar echo classifier (REC) is a collection of fuzzy logic, data fusion algorithms that
classify the type of echo observed by a WSR-88D (Kessinger et al. 2003b). Current
detection algorithms include the AP Detection Algorithm (APDA), the Precipitation
Detection Algorithm (PDA), the Insect Clear Air Detection Algorithm (ICADA), and the
Sea Clutter Detection Algorithm (SCDA). The REC has a modular organization such that
additional detection algorithms can be easily added as needed. The REC algorithms are
straightforward to modify and amenable to real-time operation in the WSR-88D Open
Systems environment. The REC is described in Section 3.
1.2.2 Compensation Algorithms to Correct Clutter Filter Bias in Moment Data
Reflectivity compensation is necessary in any AP mitigation scheme using clutter
filtering. Because clutter filters negatively bias the reflectivity within precipitation echoes
containing near-zero radial velocity, these measurements must be compensated whenever
clutter filters are applied. Ellis (2001) describes the reflectivity compensation scheme
used here. The Annual Report from fiscal year 2000 (Kessinger et al. 2000) contains
detailed error analysis of the reflectivity compensation scheme. Section 4.0 describes the
work done this year on the compensation algorithms.
1.2.3 Automated Clutter Suppression
Automation of WSR-88D clutter suppression through selective use of clutter filters and
point clutter censoring is an ultimate goal of the NEXRAD Data Quality Optimization
work. Automation will ease the clutter filter control task for the NWS staff and should
provide a standard means of clutter filter control for all WSR-88D systems. With the
deployment of the Open Radar Data Acquisition (ORDA) during Build 6, new methods
for clutter filtering are available that use spectral domain processing techniques. A new
methodology is discussed in Section 1.4 that uses the ORDA.
Currently, the WSR-88D has two methods for defining regions for clutter filtering. The
first is a gate-by-gate specification scheme that is used to generate the clutter background
map for regions of NP clutter. The second method employs user-drawn wedge shapes on
the clutter filter control (CFC) panel that are defined by range and azimuth limits. The
user can edit both clutter maps.
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1.2.4 Clutter Residue
Use of a ground clutter filter can leave a “residue” in the filtered moment fields. Spectral
domain processing techniques that are available with the Sigmet Corporation’s RVP-8
processor for the Open Radar Data Acquisition (ORDA) may help to reduce the amount
of clutter residue and/or help in the detection of clutter residue. Techniques for this task
are under consideration.
1.3 Implementation Plan for the Open Radar Product Generator (ORPG)
A phased implementation was envisioned for the AP Clutter Mitigation Scheme within
the ORPG of the WSR-88D systems. Initial sets of configuration change requests (CCRs)
for the ORPG enhancements were submitted in 1999, with a phased implementation that
began with Build 2 during September 2002. The first CCR specified the implementation
of the REC whose products can be used in ORPG algorithms. The second CCR specified
that the PPS algorithm would use the AP detection product rather than the “tilt test” in
providing estimates of rainfall rate and amounts since the tilt test is a confirmed weak
point of the PPS. The PPS may also use the output of the PDA and the convective and
stratiform region partitions. The third CCR implements the reflectivity compensation
algorithm. The fourth CCR specified that the clutter background map be “enhanced” with
the locations of the AP clutter as defined by the AP detection algorithm product.
Application of appropriate ground clutter filters will be automatically defined using the
enhanced clutter background map, but may be manually overridden. For these four
CCRs, automation of the clutter filter control is not fully achieved and will be specified
with later CCRs.
For the ORPG Build 2, the REC AP Detection Algorithm (APDA) was implemented and
displayed on the clutter filter control (CFC) panel (see Figs. 1.1 and 1.2 in Kessinger et
al. 2003a). The next implementation will be the precipitation detection algorithm (PDA)
and the reflectivity compensation (Z-Comp) algorithm to be used as input, along with the
APDA, into the Enhanced Precipitation Preprocessing subsystem (EPRE). For Build 5,
output from the APDA will be used to remove ground clutter contamination from the
Hybrid Scan Reflectivity (HSR) within EPRE. The next ORPG deployment will be the
PDA and Z-Comp algorithms. The PDA will detect the precipitation echoes and the ZComp algorithm will correct the biased reflectivity values (within precipitation echoes
only). Then, EPRE will calculate the radar-derived rainfall amounts using the
compensated reflectivity field.
1.4 Implementation Plan for the Open Radar Data Acquisition (ORDA)
The implementation of the ORDA (Elvander et al. 2001) WSR-88D via the Sigmet
Corporation RVP-8 signal processor, will allow a higher performance AP Clutter
Mitigation Scheme. Access to both the filtered and unfiltered base data streams will result
in better clutter suppression, filter bias and residue compensation, and definition of the
AP affected areas. The ORDA processor system will allow spectral domain processing
for clutter removal. The increase in real time computing power will allow combining AP
and precipitation recognition schemes with new operational range-velocity ambiguity
4

mitigation techniques being proposed (Hubbert et al., 2003; Meymaris et al. 2003; Ellis et
al. 2002; Frush and Doviak, 2001; Frush and Daughenbaugh, 1999; Sachidananda et al.
1998; Sachidananda and Zrnic, 1997; Sachidananda et al. 1997). Eventually, polarimetric
data may also be available, further improving AP clutter recognition and mitigation
performance.

a) ORPG-based Scheme

I&Q

Legacy
RDA

ORPG

Moments

Products

REC
APDA/PDA/SCDA

AP Clutter Filter Control
(never implemented)

b) ORDA-based Scheme

ORDA
I&Q

SZ Alg.

3. Corrected Moments
1. Uncorrected
Moments

1. Spectral
(NP Clutter-GMAP) Variables

ORPG

Products

REC
CMD

APDA/
PDA/SCDA

3. Clutter or Weather
3. Spectral Variables

2. AP Clutter Identified

Figure 1.1. A schematic of the clutter filter specification and control processes of the AP
Clutter Mitigation Scheme for the WSR-88D is depicted as it was planned a) with the legacy
Radar Data Acquisition (RDA) and the Open Radar Product Generator (ORPG) and b) after
deployment of the Open Radar Data Acquisition (ORDA).

Figure 1.1 shows a schematic that contrasts the AP Clutter Mitigation Scheme as
designed for the legacy RDA/ORPG in prior fiscal years (Fig. 1.1a) and the new scheme
that uses the ORDA/ORPG (Fig. 1.1b). With the legacy RDA/ORPG (Fig. 1.1a), the
APDA output is used to define the locations of ground clutter return. These locations
were planned to be returned to the legacy RDA and clutter filters enabled where clutter
exists. This system has been described in previous NEXRAD Data Quality Annual
Reports and results in a 1-volume delay between detection of ground clutter and enabling
the clutter filters. With the ORDA/ORPG scheme (Fig. 1.1b), this one volume delay will
not be necessary because the moment data will be quality-controlled before leaving the
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ORDA. The scheme works as follows. The SZ(8/64) algorithm will separate the data into
the correct trips. During this process, the normally-propagated (NP) clutter return is
removed from the spectral data. The separated moment fields are calculated and sent to
the Clutter Mitigation Decision (CMD), a fuzzy logic system designed to discriminate
clutter return from precipitation return and apply clutter filters appropriately. New
spectral domain variables are also calculated within the CMD (these variables are
described in Section 3). The CMD will perform the fuzzy logic, data fusion calculations
“on-the-fly”, a few beams at a time, rather than waiting for the entire scan to complete. If
the CMD classifies the echo as AP ground clutter, this information is fed back into the
SZ(8/64) algorithm and the moments are recalculated for those resolution volumes where
AP clutter is present. The CMD can then reclassify those reprocessed resolution volumes
thus allowing for the identification of any precipitation that is embedded within AP
clutter. Thus, in real-time, the CMD output fields (for clutter and precipitation) will be
sent to the ORPG such that downstream algorithms (such as the REC) can utilize the
information. The REC can utilize both the uncorrected (unfiltered) data and the corrected
(filtered) data and produce a better characterization of echo type than is available now.
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2.0 Radar Echo Classifier
2.1 Introduction
The Radar Echo Classifier (REC) (Kessinger et al. 2003b) classifies the type of echo
contained within each range gate and within certain confidence limits using the base data
fields of reflectivity, radial velocity and spectrum width as input. The REC has a modular
design and contains an AP clutter Detection Algorithm (APDA), a Precipitation
Detection Algorithm (PDA), an Insect Clear Air Detection Algorithm (ICADA), and a
Sea Clutter Detection Algorithm (SCDA). The REC-APDA was the first REC algorithm
implemented within the WSR-88D ORPG during September 2002 as part of Build 2.
During Build 5, the REC-APDA was added as a quality control threshold to the
Enhanced Precipitation Pre-processor (EPRE; O’Bannon, and Ding, 2003). The feature
fields and algorithms within the Radar Echo Classifier (REC) are described in
Appendices 2.A and 2.B, respectively.
2.2 Implementation of ORPG-CODE
During the Build 5 implementation, several bugs were found in the ORPG REC-APDA
and corrected as documented in Kessinger et al. (2003c). However, it is felt that
additional bugs must be present since the ORPG REC-APDA performance differs from
the performance using the NCAR version (see cases examined in Section 2.3). The
ORPG Common Operating Development Environment (CODE) was specifically desired
for its utility in finding any additional bugs.
In June 2004, the ORPG CODE for Build 6 (Linux version) was brought to NCAR and
installed on a development machine, several months later than the originally expected
date of February 2004. The delayed receipt of the ORPG CODE affected the work
schedule for finding and fixing additional implementation bugs within the REC-APDA.
Participation in the North American Monsoon Experiment (NAME) with the S-Pol radar
began during the first of July 2004, leaving no opportunity to begin working with the
ORPG CODE until the experiment’s end in August 2004.
During June 2004, Joe Van Andel traveled to Silver Springs, MD to receive training in
the use of the ORPG CODE. After the end of NAME, use of the ORPG CODE began.
The software was installed and necessary operating system modifications made.
To enable the debugging of the ORPG REC-APDA, a new capability had to be added to
the CODE. This capability was to output the intermediate fields (i.e., the feature fields
and the interest field outputs) in a netCDF format such that the fields could be viewed
and manipulated with the NCAR SOLOii software, facilitating a direct comparison to the
NCAR version of the APDA output. Creating the netCDF output fields from the ORPG
CODE was accomplished in late 2004.
2.3 REC-APDA Performance in Office of Hydrology and Radar Operations Center Cases
Prior to the implementation of the ORPG CODE at NCAR, the Office of Hydrology
(OH) suggested several cases for examination of the REC-APDA performance and the
Radar Operations Center (ROC) suggested one case. These cases were run through the
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NCAR version of the APDA and the feature and interest field outputs examined to look
for ways to eventually improve the algorithm performance once the ORPG CODE was
installed and operational. This effort could not be considered a “final answer” to
improving the REC-APDA because the implementation differences between the ORPG
and the NCAR version were unknown. Five cases were examined.
2.3.1

Kansas City, MO (KEAX) 23 March 2004 at 1443 UTC

The KEAX base data (Fig. 2.1) show that this case consists primarily of precipitation
return, oriented NW to SE. In the echo between 90o-150o azimuth and at ranges beyond
150 km (beyond the range of the unambiguous range of the Doppler scan), notice that the
radial velocity values are missing within the precipitation return. Using the ORPG, the
REC-APDA was run and results for the CLD and the CLR examined (Fig. 2.2) in this
region just beyond the first trip range. Notice that the CLR field is indicating the presence
of ground clutter (within the red oval) where only precipitation return is present. The
NCAR version of the APDA was run to examine likely explanations for the algorithm
performance in this region. Because the region in question does not have radial velocity
or spectrum width fields available, the higher values of the CLR must be caused by one
of the reflectivity feature fields. For this reason, two runs were completed using spin
thresholds of 2 (Fig. 2.3) and 11 (Fig. 2.4). Comparing Fig. 2.3c to Fig. 2.4e shows that
increasing the spin threshold to 11 does improve the APDA performance.

a) Reflectivity

b) Radial Velocity

c) Spectrum Width

Figure 2.1. Base data are shown from the Kansas City, MO WSR-88D (KEAX) on 23 March
2004 at 1443 UTC. Fields shown are the a) reflectivity (dBZ), the b) radial velocity (m s-1),
and the c) spectrum width (m s-1).
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Figure 2.2. Data are shown from the Kansas City, MO WSR-88D (KEAX) on 23 March 2004
at 1448 UTC. Fields shown are the a) Clutter Likelihood Doppler (CLD where the purple
shading indicates missing data), and the b) Clutter Likelihood Reflectivity (CLR). The red
shape encloses a region where the CLR is incorrectly classifying an echo as ground clutter
due to the loss of the Doppler fields.

a) Reflectivity

b) Radial Velocity

c) REC-APDA
Spin threshold =2

d) Reflectivity Texture
Interest

e) Spin Interest (thresh=2)

f) Radial Velocity Interest

g) Sign Interest

h) Spectrum Width
Interest

i) StdDev of Velocity
Interest

Figure 2.3. Fields are shown from the Kansas City, MO WSR-88D (KEAX) on 23
March 2004 at 1443 UTC and include a) reflectivity (dBZ), b) radial velocity (m s-1),
c) spectrum width (ms-1), d) reflectivity texture interest, e) spin interest where the spin
threshold=2, f) the radial velocity interest, g) the sign interest, h) spectrum width
interest and i) the standard deviation of velocity interest. The red shapes enclose the
same region shown in Fig. 2.2, where the APDA does not perform well due to the loss
of the Doppler fields.
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a) Reflectivity

b) Radial Velocity

c) REC-APDA
Spin threshold =11

d) Reflectivity Texture
Interest

e) Spin Interest (thresh=11)

f) Radial Velocity Interest

g) Sign Interest

h) Spectrum Width
Interest

i) StdDev of Velocity
Interest

Figure 2.4. Same as Figure 2.3 except the spin threshold is 11 instead of 2.

2.3.2

Kansas City, MO (KEAX) 9 April 2004 at 2332 UTC

Similar to the case described in Section 2.3.1, this second KEAX case showed higher
likelihood in the CLR outside of the first trip range. The base moment fields (not shown)
indicate that the echoes were mostly precipitation. In Figure 2.5, the Range Adjustment
Factor (AFA) field is shown that indicates which elevation angle was selected during the
construction of the Hybrid Scan Reflectivity (HSR). The region encircled with the red
oval indicates where the ORPG REC-APDA incorrectly detected ground clutter instead
of precipitation return. Results from the NCAR version of the APDA are shown using a
spin threshold of 2 (Fig. 2.6a) and of 11 (Fig. 2.6b). Again, raising the spin threshold
seems to improve the performance of the APDA because values of the APDA are lower
within the red oval.
2.3.3

Kansas City, MO (KEAX) 29 April 2004 at 1859 UTC

For the third KEAX case, the base data fields (not shown) indicate that the radar return
that was present was mostly from precipitation. However, the AFA indicates that the
ORPG REC-APDA is incorrectly detecting ground clutter at the far ranges of the eastern
quadrant (Fig. 2.7). Running the NCAR version of the APDA with two spin thresholds
(Fig. 2.8) produces similar results to the previous 2 cases, i.e. the APDA performance is
improved with the higher spin threshold.
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Figure 2.5. The
Range Adjustment
Factor (AFA) is
shown from the
Kansas City, MO
WSR-88D (KEAX)
on 9 April 2004 at
2332 UTC. The
red shape encloses
a region where the
ORPG REC-APDA
did not perform
well.

a) Spin threshold = 2

b) Spin threshold = 11

Figure 2.6. For the same case shown in Fig. 2.5, the output from the NCAR APDA is
shown with the a) spin threshold of 2 and the b) spin threshold of 11.
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Figure 2.7. The
Range Adjustment
Factor (AFA) is
shown from the
Kansas City, MO
WSR-88D (KEAX)
on 29 April 2004
at 1859 UTC. The
red shapes enclose
regions where the
ORPG REC-APDA
did not perform
well.

a) Spin threshold = 2

b) Spin threshold = 11

Figure 2.8. For the same case shown in Fig. 2.7, the

Figure 2.8. For the same case shown in Fig. 2.7, the output from the NCAR APDA is
shown with the a) spin threshold of 2 and the b) spin threshold of 11.
2.3.4

Kansas City, MO (KEAX) 30 April 2004 at 1231 UTC

The fourth case from KEAX, consists also of precipitation echo. Again, the AFA
indicates that the ORPG REC-APDA has poor performance (Fig. 2.9) in four regions
denoted with the red ovals. Running the NCAR version of the APDA with spin
thresholds of 2 (Fig. 2.10a) and 11 (Fig. 2.10b) improves the results.
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Figure 2.9. The
Range Adjustment
Factor (AFA) is
shown from the
Kansas City, MO
WSR-88D (KEAX)
on 30 April 2004
at 1231 UTC. The
red shapes enclose
regions where the
ORPG REC-APDA
did not perform
well.

b) Spin threshold = 11

a) Spin threshold = 2

Figure 2.10. For the same case shown in Fig. 2.9, the output from the NCAR APDA is
shown with the a) spin threshold of 2 and the b) spin threshold of 11.
2.3.5

Mobile, AL (KMOB) 16 September 2004 at 0757 UTC

To examine the REC-APDA performance when the radial velocities are aliased, data
from the KMOB radar were selected during the landfall of Hurricane Ivan (Fig. 2.11). At
this time, the eye of the hurricane is located to the SE of the radar. Two regions of aliased
velocities are seen to the south and to the northeast of the radar. Output from the NCAR
version of the REC-APDA (spin threshold set to 11) is shown in the third panel. The
aliased velocities do not affect the performance of the REC-APDA. The REC-APDA
13

correctly identifies the aliased velocity regions of the hurricane as “not clutter” with
values generally less than 0.5 interest.
Doing a subjective comparison of the ORPG REC-APDA output indicates that the values
of the CLR (Fig. 2.12) tend to be 10-20% higher than the NCAR version of the RECAPDA. A quantitative analysis is needed to better understand these differences.

a) Reflectivity

b) Radial Velocity

c) REC-APDA
Spin threshold=11

Figure 2.11. Data from the Mobile, AL (KMOB) WSR-88D during landfall of Hurricane
Ivan on 16 September 2004 at 0757 UTC. Data are shown on the 0.5o elevation angle and
include a) reflectivity (dBZ), b) radial velocity (m/s) and c) the NCAR version of the RECAPDA shown with a spin threshold of 11 applied. Range rings are at 50 km intervals.

Figure 2.12. Output from the ORPG REC-APDA for the time shown in Figure 2.11 for
Hurricane Ivan. The field shown is the CLD. Note that the data values are from 0-100
whereas the NCAR REC-APDA values are scaled from 0-1.
2.4 Stratiform/Convective Partition
Partitioning precipitation regions into convective versus stratiform is of value when
computing radar-derived rainfall estimates because each precipitation regime has a
different Z-R relationship. Improvement in rainfall estimation may thus be realized for
the WSR-88D Enhanced Precipitation Pre-processing Subsystem (EPRE), by determining
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regions of each precipitation type and using the appropriate Z-R equation. The method
proposed by Steiner et al. (1995) has been implemented within the Python Environment
for Radar Processing (PERP). The Steiner methodology uses radar data interpolated to
Cartesian space; the PERP methodology uses raw radar data in polar space. A full
description of the Steiner algorithm was given in Kessinger et al. (2002).
To facilitate algorithm development for the modified Steiner methodology in PERP, a
measure of the “truth” is necessary. An automated scheme that identifies the convective
regions and the stratiform regions is desired as opposed to manual identification by
experts. Using output from the Particle Identification (PID) algorithm (Vivekanandan et
al. 1999) and the reflectivity field, an automated scheme has been devised that shows
some promise.
To define the convective region, the PID categories of medium and heavy intensity rain
plus the hail category are used. In addition, regions having reflectivity >40 dBZ are
categorized as convection. The reflectivity threshold is the same definition used in the
Steiner algorithm, and means that some independence is lost. To define the stratiform
regions, the PID categories of light rain, drizzle and snow are used. Reflectivity regions
of <40 dBZ also define stratiform regions.
Two examples from S-Pol are shown in Figs. 2.13 and 2.14 to illustrate this automated
truth field.
a)

b)

c)

Figure 2.13. S-Pol fields from the IMPROVE II field campaign on 11 February 2001 at 02:06
UTC. Fields shown on the 0.5 deg elevation angle are a) reflectivity (dBZ), b) output from the
PID algorithm, and c) the automated truth field. The truth field in c) is color coded such that
brown=stratiform regions, gold=convective regions, green=ground clutter and red=insect
clear air return. Range rings are at 20 km intervals.
a)

b)

c)

Figure 2.14. Same as Fig. 2.13 except that the S-Pol data were taken on 3 January 2001.
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2.5 The Clutter Mitigation Decision (CMD)
With the upcoming deployment of the ORDA, the AP Clutter Mitigation Scheme will
have a new process added, the Clutter Mitigation Decision (CMD), that will incorporate
spectral domain processing techniques within a fuzzy logic framework. The CMD will
run within the ORDA, processing beams on the fly to control the application of the
Gaussian Model Adaptive Processing (GMAP) clutter filter. The CMD will be designed
to discriminate clutter return from precipitation return, especially near zero m s-1 radial
velocity, and will not apply the GMAP filter to precipitation return, in most instances.
To aid research into the CMD design, a developmental version has been implemented
within the Improved MATLAB Analysis Tool (IMAT). The advantage of using IMAT is
the ease of testing new concepts and making modifications.
In last year’s annual report (Kessinger et al., 2004, section 3.6), two new spectral
variables were designed and presented. Last year, these variables were not incorporated
into the APDA or PDA; for this year, these two variables were added as feature fields
into the APDA. In last year’s report, the two variables were called Ratio 1 and Ratio 2;
hereafter, they are referred to as Clut_Total_Ratio (CTR) and as Clut_Near0_Ratio
(CZR), respectively. The computation of these two new feature fields is described next.
Figure 2.15 shows an idealized power spectrum, F(gi), where gi is the velocity index with
gn corresponding to the Nyquist velocity and where F(gi) is the power at the gi velocity
index. In this simple example, it is assumed that the duration of the time series samples
yields a velocity increment (delta g) of about 0.5 m s-1 such that the majority of the clutter
power is contained in the spectral points g0, g-1 and g1. The broad signal to the left of the
clutter is precipitation return. Comparison of the power values at various points in the
spectra will yield useful information and help discriminate clutter from precipitation.

Precipitation

g-n

Clutter

g-3 g-2 g-1 g0 g1 g2 g3

gn

Figure 2.15. An idealized power spectrum that contains precipitation and clutter return.
The velocity index is indicated by “gi” with indices ranging from –n to +n, the limits of the
Nyquist velocity. The blue region encloses the “clutter power” which corresponds to the
power in the velocity indices of g-1, g0 and g1, and is termed “Cp”. The green regions
contain the “power near zero” at the velocity indices of g-3, g-2, g2 and g3 and are termed
“Pnz”.
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For example, calculating the “clutter power” (Cp) can be done as follows:
Cp = [F(g0) + F(g-1) + F(g+1)]

Eqn 2.1

where F(gi) corresponds to the power at the ith velocity index. The Cp contains the power
that is indicated by the blue region in Fig. 2.15. Calculating the “power near zero” (Pnz) is
done as follows:
Pnz = [F(g-3) + F(g-2) + F(g2) + F(g3)].

Eqn 2.2

The Pnz contains the power to either side of the Cp region and is indicated by the green
regions in Fig. 2.15. The “total power” (“Ptot”) is the summation of the power at all
velocity indices and is calculated as follows:
n

Ptot =

∑

F(gi)

Eqn 2.3

−n

where i is summed from –n to +n.
Using equations 2.1 – 2.3, the CTR and the CZR are defined, as follows:
CTR = Cp/(Ptot –Cp)

Eqn 2.4

and
CZR = Cp/Pnz.

Eqn 2.5

These variables should prove useful in discriminating between convective precipitation
return and clutter return. Clutter typically has a narrow spectrum centered at go while
convective precipitation has a broader spectrum. (Stratiform precipitation is not being
considered in this discussion as it frequently has a narrow spectrum width.) When CTR is
large then the majority of the power is at the velocity index g0 and may be a good
indicator of clutter return. Likewise, when CZR is large, this indicates that the majority of
the power is at the g0 velocity index rather than in the Pnz region and suggests a narrow
spectrum at g0. Ground clutter return may be indicated when both ratios are large.
Using time series data from the Norman WSR-88D (KOUN) radar, the CTR and the CZR
were calculated. The variables Ptot, Cp and Pnz are shown in Fig. 2.16 along with the
moment data. As suggested in the above discussion, these variables show a good ability
to discriminate between precipitation and clutter return for this example. The results of
calculating CTR and CZR are shown in Fig. 2.17. These results show that both variables
tend to be large within clutter echoes and small within precipitation return.
Using the membership functions shown in Fig. 2.18, the variables CTR and CZR are
input into the APDA and the performance of the algorithm tested. For this KOUN case,
the spectrum width data seem spurious and are not used. The performance of the APDA
is examined with three tests. The first is termed the “original APDA” (without spectrum
width). The second is termed “APDA+CTR+CZR” and is the original APDA with the
addition of the CTR and the CZR as feature fields. The third test is to examine the
performance of the APDA without the contribution of the following feature fields: the
radial velocity (MVE), the standard deviation of the radial velocity (SDVE) and the
spectrum width (SW), and to include the spectral variables CTR and CZR. The third test
is necessary to test the algorithm performance in regions the Doppler scan is censored
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due to overlaid echoes.
Results from the three tests are shown in Fig. 2.19. Comparison of the first test to the
second and third shows that the inclusion of the two spectral variables as feature fields
has improved the APDA performance. Less precipitation to the northeast of the radar is
incorrectly identified as clutter. In Fig. 2.20, the APDA output from the various tests is
used to threshold the KOUN power field. The polygon labeled A encloses precipitation
return and polygon B encloses mixed precipitation and ground clutter return. Fig. 20
shows that the addition of the spectral variables to the APDA reduces the amount of
precipitation echoes erroneously removed by the original algorithm. It is encouraging to
note that the performance of the APDA with the spectral variables is not degraded when
the Doppler moment data is not available, as in the case of censoring due to overlaid
echoes.
a) Power

b) Radial Velocity

c) Spectrum Width

d) Total Power (Ptot)

e) Power at 0th
Velocity Index (Cp)

f) Power Near 0th
Velocity Index (Pnz)

Figure 2.16. Time-series data from KOUN on 6 April 2003 are used to construct new, spectral
fields that can be input into the REC. Fields shown are a) power (dBM), b) radial velocity (m
s-1), c) spectrum width (m s-1), d) the total spectral power (dBM), e) the power contained at the
0th velocity index(Cp; dBM), and f) the power contained in the region near the 0th velocity
index (Pnz; dBM). KOUN data were provided courtesy of the NSSL.

2.6 Future Plans with Spectral Domain Techniques
The availability of spectral domain radar data processing provides many opportunities to
improve the detection and removal of ground clutter and point target contamination. The
current REC algorithms work very well in cases of pure weather or pure clutter echoes,
but have difficulty with mixed conditions because only the moment data are available for
input. Spectral techniques have the potential to greatly improve the difficult identification
of weather signals mixed with ground clutter and point targets.
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Successful spectral processing methods already exist for vertical profiling radars, for
example the NCAR Improved Moment Algorithm (NIMA; Cornman et al. 1998). The
NIMA is a pattern recognition algorithm that separates the desired weather signals from
contamination by ground clutter, birds, aircraft, etc. Profilers typically have much longer
dwell times than scanning radars, thus having much smoother output. Modifications to
NIMA to make it appropriate for scanning ground-based weather radar will be
investigated.
Further, simple techniques can be explored that look for multiple peaks in the spectra by
separating them into different sections and examining the power in each section of
spectra. The principle of these techniques would be similar to the SZ-1 spectral censoring
method described in the Range-Velocity Ambiguity Mitigation Annual Report (Hubbert,
et al. 2003). In this manner, it is possible to identify the desired weather, ground clutter
and point target signals.
Optimal combinations of spectral techniques and variables with the existing REC
algorithms for echo classification will be investigated. In the future, dual polarimetric
data will also be available. Existing particle classification algorithms, such as the NCAR
fuzzy logic algorithm (Vivekanandan et al. 1999), can be optimized for the WSR-88D
environment and combined with the spectral and the REC outputs.
Removal of ground clutter and point targets in the spectral domain will also be examined.
Several spectral ground clutter removal techniques exist and have been implemented on
the S-Pol RVP-8 processor. The methods employed have been shown not to meet the
WSR-88D specifications by Sirmans et al. (2002), primarily due to the lack of spectral
resolution for the given number of samples being used. The current WSR-88D clutter
filter is a 5-pole infinite impulse response (IIR) elliptic filter that operates in the time
domain. The IIR filter has a time ‘memory’ and therefore uses information from previous
azimuths. This increases the performance and resolution of the filter. It is possible,
however, for the spectral clutter filter to use information from the previous and even the
succeeding azimuths. This should allow the spectral filters to achieve similar or improved
performance and resolution as compared to the current IIR filters. Indeed, Ice et al.
(2004) have recently tested a new spectral filter called Gaussian Model Adaptive
Processing (GMAP), designed by Sigmet Corporation, Inc., that does meet WSR-88D
specifications and is now being recommended for NEXRAD clutter filtering.

19

Appendix 2.A Fuzzy Recognizer Feature Field Calculations
A schematic of the Radar Echo Classifier (REC) is shown in Fig. 2.A.1. The base data
fields of reflectivity (Z or DBZ), radial velocity (V), and spectrum width (W or SW) are
input into the "feature generator" for calculation of derived fields called "features". Each
of the REC algorithms uses a different combination of feature fields as input. A
"membership function" is applied to the values of the feature fields to scale them to
match the characteristics of the echo type under consideration. Membership functions are
stepwise linear functions that scale the feature fields to have values between zero and
unity, a change from the previous fiscal year. Output fields from this process are termed
"interest fields". When an interest field has a value of 1.0, high likelihood exists that the
echo type matches the desired characteristics; likewise, an interest value of 0.0 indicates
no likelihood that the echo type matches the desired characteristics. Once the interest
fields are calculated for all the algorithm feature fields, a weighted mean of all interest
outputs is computed. A threshold of 0.5 is desired for all REC algorithms.
At NCAR, the software environment within which all prototype development has
occurred is called the Python Environment for Radar Processing (PERP). The NEXRAD
Data Quality Optimization Annual Report for FY-00 (Kessinger et al. 2000) contains a
detailed description of PERP in Section 4. Within the PERP, all features are calculated as
a first step, and then each detection algorithm uses the pertinent features. With one
exception, the features are computed over a small region typically defined as two beams
on either side of the current beam and +1 km (Doppler fields) or +2 km (reflectivity
fields) in range from the current gate. The vertical difference of the reflectivity (GDZ) is
INPUT
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W

FEATURE
GENERATION

FUZZY LOGIC ENGINE

Mean
Median
StdDev
Texture

w
w
w

∑wf
Σ
wf
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Figure 2.A.1. General schematic of the algorithms within the radar echo classifier. The
steps of the process include: ingesting the base data for reflectivity (Z), radial velocity
(V), and spectrum width (W), generation of features that are derived from the base data
fields, use of a fuzzy logic engine to determine the initial interest output, application of
the appropriate threshold (T), and the final output product for the type of radar echo
being considered.
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Figure 2.A.1. Range weight function used in RGDZ.
computed as a gate-to-gate difference. Although this feature is not currently used by the
REC, it is retained. The following equations are used to calculate all the features for the
REC algorithms.
The "texture" of the reflectivity (TDBZ) field is the mean squared difference of the
reflectivity and is calculated as shown in Eq. 2.A.1. For all equations that use reflectivity
in this appendix, the calculations are done in linear space. Likewise the texture of the
radial velocity (TVE) fields is shown in Eq. 2.A.2.

⎛ Nbeams Ngates
2⎞
TDBZ = ⎜⎜ ∑ ∑ (DBZ i , j − DBZ i −1, j ) ⎟⎟ ( Ngates × Nbeams )
⎠
⎝ j =1 i = 2

Eq. 2.A.1

⎛ Nbeams Ngates
2⎞
TVE = ⎜⎜ ∑ ∑ (Vi , j − Vi −1, j ) ⎟⎟ ( Ngates × Nbeams )
⎠
⎝ j =1 i =2

Eq. 2.A.2

As described above, the vertical difference of the reflectivity (GDZ) field computes a
gate-to-gate difference of the reflectivity values between two elevation angles as shown
in Eq. 2.A.3.

GDZ = DBZ upper − DBZ lower
angle

Eq. 2.A.3

angle

Two new feature variables have been introduced for the sea clutter detection algorithm
(SCDA) and are based on the GDZ variable. The GDZ variable is used three ways. First,
it is used as specified in Eq. 2.A.3.
Second, to allow for the presence of stratiform precipitation, the GDZ field is multiplied
by the range weighting function (RangeWgt) shown in Figure 2.A.1, as specified in Eq.
2.A.4:

RGDZ i = GDZ i × RangeWgt i

Eq. 2.A.4

where i is the range gate number. Stratiform precipitation at long distances from the radar
will have large vertical differences in reflectivity values between elevation angles due to
the shallow extent of the precipitation echo. The RGDZ feature field is an attempt to
reduce these large differences at long ranges.
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Third, GDZ is divided by the sine of the angular difference between the two elevation
angles, as shown in Eq. 2.A.5, to calculate the vertical gradient of the reflectivity
difference.

RSINZ i = GDZ i sin(Θ upper − Θ lower ) i
angle

Eq. 2.A.5

angle

where i is the gate number along the beam. For the same difference in reflectivity values
between two elevation angles, the value of RSINZ will be larger at short ranges and
smaller at long ranges.
Calculations of the mean reflectivity (MDZ), mean radial velocity (MVE) and the mean
spectrum width (MSW) fields are done over the local area and are shown in Eqs. 2.A.4,
2.A.5, and 2.A.6, respectively.
⎞
⎛ Nbeams Ngates
MDZ = ⎜⎜ ∑ ∑ DBZ i , j ⎟⎟ ( Ngates × Nbeams )
⎠
⎝ j =1 i =1

Eq. 2.A.4

⎛ Nbeams Ngates ⎞
MVE = ⎜⎜ ∑ ∑ Vi , j ⎟⎟ ( Ngates × Nbeams
⎠
⎝ j =1 i =1

Eq. 2.A.5

⎞
⎛ Nbeams Ngates
MSW = ⎜⎜ ∑ ∑ SWi , j ⎟⎟ ( Ngates × Nbeams )
⎠
⎝ j =1 i =1

Eq. 2.A.6

where N is the number of observations within the defined local area. The standard
deviation of the radial velocity (SDVE) and the standard deviation of the spectrum width
(SDSW) are calculated over the local area using Eqs. 2.A.7 and 2.A.8, respectively. The
polarimetric processing done by S-Pol results in the radial velocities within ground clutter
having random positive and negative values that are near the Nyquist velocity, in addition
to values near 0 m s-1 (see Fig. 3.7 in Kessinger et al. 2002). For the Brazil data set, the
radial velocities were manually edited to remove the spurious values that were
approaching the Nyquist velocity. During STEPS, the effect of the radial velocity
characteristics on the standard deviation (SDVE) feature was recognized and the PERP
feature calculations changed such that SDVE uses the median radial velocity (MDVE)
field as input rather than the mean radial velocity field, V . Otherwise, the SDVE would
not have had the same characteristics as when it is calculated with the WSR-88D base
data (i.e., SDVE values would have been much higher than is observed in ground clutter
with the WSR-88D) and the membership function would not have been valid.
⎡⎛ Nbeams Ngates
SDVE = ⎢⎜⎜ ∑ ∑ MDVEi , j − MDVE
⎢⎣⎝ j =1 i =1

(

)

2

⎞
⎟
⎟
⎠

⎤
(Ngates × Nbeams − 1)⎥
⎥⎦
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0.5

Eq. 2.A.7

⎡⎛ Nbeams Ngates
SDSW = ⎢⎜⎜ ∑ ∑ SWi , j − SW
⎣⎢⎝ j =1 i =1

(

)

2

⎞
⎟
⎟
⎠

⎤
(Ngates × Nbeams − 1)⎥
⎦⎥

0.5

Eq. 2.A.8

Determination of the median values was added as a feature during the PERP
implementation and is used for the radial velocity and spectrum width fields (MDVE and
MDSW, respectively). Using the median value has advantages over using the mean value
since the underlying structure within the field is preserved within noisy measurements.
An example of the difference between using the mean and median radial velocity is
shown in Fig. 2.8 of Kessinger et al. (2000).
Two additional reflectivity features were added to the PERP and are called “SPIN” and
“SIGN”. The SPIN feature was derived from Steiner and Smith (2002) while O'Bannon
(personal communication) developed the SIGN feature. Equations for each are below.
Values are computed over the same local region described above. The additional
reflectivity features have improved REC algorithm performance in regions where the
Doppler variables are missing or not available.
The SPINchange variable (also called SPIN in this document) indicates the number of
inflection points within the gate-to-gate reflectivity difference field, expressed as a
percentage of all possible differences, that exceed the minimum difference (DBZthresh)
allowed (Eq. 2.A.9). Steiner and Smith (2002) use a value of DBZthresh=2.0 for the WSR88D data. For the REC (using S-Pol), the value of DBZthresh=11.0 to better distinguish
clutter from precipitation and clear air return from insects.
For

(DBZ i − DBZ i +1 )

> DBZ thresh , SPINchange _ counts = SPINchange _ counts + 1

and All _ counts = All _ counts + 1 .
For

(DBZ i − DBZ i +1 )

< DBZ thresh , then All _ counts = All _ counts + 1

⎧ SPINchange _ counts ⎫
SPINchange = ⎨
⎬ x100
All _ counts
⎩
⎭

Eq. 2.A.9

However, SPINchange_counts is not incremented for (DBZ i − DBZ i +1 ) > DBZ thresh
unless there has been a change in the sign of the reflectivity gradient (i.e., an inflection
point exists). For example, if reflectivity is increasing along the beam and then decreases,
SPINchange_counts is only incremented at the gate where the decrease begins.
The SIGN feature is the mean sign of the reflectivity change. The SIGN is computed as
the average of the signs of the change in reflectivity from gate to gate within the local
area (Eq. 2.A.10). The sign of reflectivity change for each gate is considered to be +1, 0,
or –1 if the difference in reflectivity between that gate and the gate immediately nearer
the radar is positive, zero or negative, respectively. A large absolute value of SIGN (near
unity) can indicate strong reflectivity gradients such as those within convective
precipitation. Smaller values (near zero) are expected within AP clutter.
For (DBZ i +1 − DBZ i ) > 0 , then ZSIGN i = +1 ,
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for (DBZ i +1 − DBZ i ) = 0 , then ZSIGN i = 0 ,
and for (DBZ i +1 − DBZ i ) < 0 , then ZSIGN i = −1 .
N

Finally, SIGN = ∑ ZSIGN i N .

Eq. 2.A.10

i =1
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Appendix 2.B Description of the REC Algorithms

In this section, the algorithms that currently comprise the REC are discussed. The
descriptions of the “feature fields” used in each REC algorithm are discussed in
Appendix 2.A. Table 2.B.1 lists the feature fields and the associated weights used for the
current versions of the algorithms.
2.B.1 The Anomalous Propagation Detection Algorithm (APDA)
The feature fields used by the APDA include: the “texture” of the reflectivity field
(TDBZ), the median radial velocity field (MDVE), the median spectrum width field
(MDSW), the standard deviation of the radial velocity field (SDVE), the SPIN field and
the SIGN field (Table 2.B.1). Membership functions are shown in Fig. 2.B.1.
For the version of the APDA that detects small regions of clutter, the Clutter Velocity
(CLVR) is used as the unsmoothed (i.e., no median filter applied) velocity feature field
and the unsmoothed spectrum width field is also used. The remaining feature fields are
the same as above (Table 2.B.1). Membership functions are the same as those shown in
Fig. 2.B.1. This version of the APDA is the closest to the ROC implementation of the
algorithm.

WSR-88D/S-Pol REC
APDA
PDA
ICADA

UAE REC
mAPDA
SCDA

Feature
TDBZ

Wt Feature
1
TDBZ

Wt Feature Wt Feature Wt Feature Wt
1
TDBZ
1
TDBZ
1
TDBZ
1

MDSW

1

1

SDSW

MSW

1

MDVE

1

MDSW

1

SDVE or 1
SDCLVR

SDVE or 1
SDCLVR

TVE or 1
TCLVR

MDSW

1

SDVE

1

MDVE or 1
CLVR

MDZ

1

MDZ

1

SDVE

1

SPIN

1

SPIN

1

SPIN

1

SPIN

0.5 SPIN

1

GDZ

1

SIGN

0

SIGN

0

SIGN

0

1

RGDZ

1

GDZ

RSINZ 1
RSINZ 1
Table 2.B.1 Feature fields and weights used for each interest field of the REC
algorithms are listed. The left columns contain information for the AP detection
algorithm (APDA), the precipitation detection algorithm (PDA) and the insect clear
air detection algorithm (ICADA) as developed for the WSR-88D and S-Pol systems.
For the UAE REC deployment, the right columns contain the feature fields and
weights used for the modified AP detection algorithm (mAPDA) and the sea clutter
detection algorithm (SCDA).
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2.B.3 The Insect Clear Air Echo
Detection Algorithm (ICADA)
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The precipitation detection
algorithm (PDA) uses the feature
fields of the standard deviation of
the radial velocity (SDVE) and the
spectrum width (SDSW), the
texture of the reflectivity field
(TDBZ), the mean reflectivity
(MDZ), and the SPIN and SIGN
reflectivity variables (Table 2.B.1).
Membership functions are shown
in Fig. 2.B.2.

f) SIGN

The insect clear air detection
algorithm (ICADA) uses the
feature fields of the texture of the
radial velocity (TVE), the median
spectrum width (MDSW), the
texture of the reflectivity field
(TDBZ), the mean reflectivity
(MDZ), and the SPIN and SIGN
reflectivity variables (Table 2.B.1).
Membership functions are shown
in Fig. 2.B.3.
2.B.4 The UAE Radar Data
Quality Enhancements

0

During fiscal year 2002, the United
Arab Emirates (UAE) funded an
effort to improve the quality of the
radar base data fields for the
Figure 2.B.1. Membership functions for
Enterprise Electronics Corporation
the AP clutter detection algorithm (APDA)
(EEC) C-band radars by
used on S-Pol.
deployment of the REC.
Atmospheric conditions leading to
anomalous propagation of the radar beam are severe in the summer and lead to extensive
AP ground clutter and sea clutter contamination in the base data fields. A modified
version of the AP detection algorithm (mAPDA) and the new sea clutter detection
algorithm (SCDA) were developed within the Research Applications Program (RAP) at
NCAR. This activity is fully described in the NEXRAD Data Quality Optimization
Annual Report for FY02 (Kessinger et al., 2003a) in Section 3.6.1.
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Figure 2.B.2. Membership functions for
the precipitation detection algorithm
(PDA) as used on S-Pol.
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Figure 2.B.3. Membership functions for the
insect clear air return detection algorithm
(ICADA) as used on S-Pol.

27

2.B.4.1 THE MODIFIED ANOMALOUS PROPAGATION DETECTION ALGORITHM (mAPDA)

The feature fields used by the mAPDA include: the texture of the reflectivity field
(TDBZ), the median radial velocity field (MDVE), the median spectrum width field
(MDSW), the standard deviation of the radial velocity field (SDVE), the SPIN field, the
vertical difference of the reflectivity (GDZ), and the GDZ field divided by the sine of the
difference of the elevation angles (RSINZ). The feature fields used for the mAPDA differ
from those used for the WSR-88D APDA. The SIGN feature is not used and the GDZ
and the RSINZ are added features. Equal weights are used for all feature fields.
Membership functions are shown in Fig. 2.B.4 with two of them differing slightly from
those developed for the WSR-88D (compare Fig. 2.B.1 to Fig. 2.B.4) due to differing
radar data characteristics.
2.B.4.2 THE SEA CLUTTER DETECTION ALGORITHM (SCDA)

Feature fields selected for use by the SCDA include: the texture of the reflectivity field
(TDBZ), the median spectrum width field (MDSW), the standard deviation of the radial
velocity field (SDVE), the SPIN field, the vertical difference of the reflectivity (GDZ),
the range-weighted GDZ field (RGDZ), and the GDZ field divided by the sine of the
difference of the elevation angles (RSINZ). Because the vertical variation in reflectivity
is such a strong indicator for sea clutter, three feature fields were devised with this
indicator. Equal weights are used for each feature field. Membership functions are shown
in Fig. 2.B.5. The SCDA is applied only over oceanic regions through the use of a terrain
mask.
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Figure 2.B.5. Membership functions for
the sea clutter detection algorithm
(SCDA) as used on the UAE EEC Cband radars.

Figure 2.B.4. Membership functions for
the modified AP clutter detection
algorithm (mAPDA) as used on the UAE
EEC C-band radars.
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3.0 Compensating Base Data Fields for Clutter Filter Bias
An algorithm for compensating reflectivity for the bias introduced into weather echoes by the
WSR-88D, elliptic 5-pol, IIR time domain clutter filters (Z-Comp) has been developed and
tested for the ORPG in previous fiscal years (Kessinger, et al, 2004; Kessinger et al, 2003;
Ellis et al, 2002; Ellis, 2001; Kessinger et al, 2001; Keeler et al, 2000; Keeler et al, 1999;
Ellis et al, 1999; Cornelius et al, 1995). The algorithm has been verified in numerous
climates with several radars including S-Pol and operational WSR-88D systems. It has been
shown that applying Z-Comp reduces the clutter filter bias from the low and medium clutter
suppression levels in stratiform and convective rain echoes to less than 1 dB. Further, the
standard error for compensated reflectivity was reduced by roughly a factor of 2 over the
clutter filtered values (Kessinger et al, 2003; Ellis et al, 2002; Ellis, 2001). In stratiform rain
it is possible to have very narrow weather spectra, which are nearly completely removed by
the IIR filters. In this case there was not enough of the spectra left after filtering to
reconstruct by Z-Comp or any other method. The compensation value for reflectivity
becomes quite large and unreliable. It was proposed that if the compensation value exceeded
an a-priori threshold, that the data be filled in from surrounding range gate values.
The inputs to the Z-Comp algorithm are the measured reflectivity (Z), radial velocity (V),
and spectrum width (W). Prior knowledge of the IIR clutter filter response is required to
produce the lookup table of correction values. The algorithm assumes that the input data are
weather echoes and uses output from the Precipitation Detection Algorithm to ensure that
this assumption is not violated. One lookup table of correction values is constructed for each
of the legacy filter configurations in the WSR-88D using idealized weather echoes assuming
Gaussian spectra. The idealized spectra are computed for specified radial velocity (V’) and
spectrum width (W’) values. The specified V’ and W’ values span the range of values that
could be biased by the IIR clutter filter. An appropriate filter for the WSR-88D suppression
level being considered is then applied to the spectra and the first three moments are
computed for both the filtered and unfiltered spectra. The correction for each spectrum, with
various V’ and W’ values, is computed using the ratio of the unfiltered to filtered 0th
moment, or power, estimates. A lookup table containing the correction factor, filtered and
unfiltered V’ and W’ is constructed by computing the correction over the range of specified
V’ and W’. Finally, the measured (and thus filtered) radial velocity (V) and spectrum width
(W) are matched to the filtered values of V’ and W’ from the appropriate lookup table in
order to obtain the correction for Z. This method can also be used to correct radial velocity
and spectrum width.
The Z-Comp algorithm has been ready to begin the implementation process for several years.
However, due to delays in implementation of Z-Comp and the anticipation that GMAP will
soon be operational, it is unlikely that the ORPG Z-Comp algorithm will be fielded as it is
currently designed. The ORPG Z-Comp is not compatible with an adaptive clutter
filter/compensation system such as GMAP. The use of GMAP, or similar method, is required
because IIR filters such as the legacy clutter filters are not compatible with the SZ-1
algorithm. The legacy filters and ORPG Z-Comp are, however, usable with the surveillance
scans of the SZ-2 algorithm, which are not phase coded.
A preliminary comparison between the legacy filters with Z-Comp and the GMAP system
was performed and the results shown below. An example of GMAP performance was
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obtained from Rich Ice (images only). Time series data were processed first without any
clutter filtering and second with GMAP applied everywhere in the radar domain. Figure 3.1
shows plan position indicator (PPI) displays of reflectivity, a) with no filter and b) with
GMAP. Note that GMAP includes a spectral method, based on assumed Gaussian spectra, for
correcting the reflectivity bias resulting from removing power near zero velocity.
a)

b)

Figure 3.1: PPI scans of reflectivity with, a) no clutter filter applied and b) GMAP applied
everywhere (courtesy of Rich Ice). The white box in b) denotes the region where the bias in
the weather echo resulting from GMAP is the strongest.
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The same time series data was obtained by NCAR and filtered everywhere with the legacy
clutter filter using the medium suppression level. Note that in the original AP clutter
mitigation scheme, the REC would have been used to prevent the use of the clutter filter in
weather echoes in this case. The moments for both the filtered and unfiltered data were
computed in the region shown by the white box in Figure 3.1. The PPI display of power (I2 +
Q2, in dB) for a) unfiltered, b) filtered, c) the radial velocity calculated from the long PRT
scan and d) the difference field of filtered – unfiltered powers are shown in Figure 3.2.
a)

b)

c)

d)
Region 2

Region 1

Figure 3.2: PPI displays of a) unfiltered power (dB), b) legacy filtered power (dB), c) radial
velocity (ms-1, note, this radial velocity is from the long PRT scan and thus has an 8 ms-1
Nyquist velocity), and d) the difference between filtered and unfiltered power.
The reflectivity difference between filtered and unfiltered data is large in this case. This
could be due to the small spectrum width values within the zero m/s velocity regions or
ground clutter mixed with the weather echoes. Spot checking of the spectra (not shown)
indicate that the echoes in the plot labeled Region 1 are pure weather echoes and that Region
2 contains small amounts of ground clutter contamination.
The Z-Comp algorithm was run on the filtered data. The hole-filling technique, which fills in
reflectivity values in regions with Z-Comp correction values above a specified threshold, was
not applied to the current analysis. Figure 3.3 shows a) the power compensated with Z-Comp
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and b) the difference field, compensated – unfiltered in dB. Clearly the clutter filter bias is
reduced by applying Z-Comp, but not completely removed.
In the case of narrow weather spectra and zero velocity, if ground clutter removal is applied
by either GMAP or the legacy filters, too much of the original spectra are removed and
cannot be recovered. Both GMAP and Z-Comp suffer from this dilemma. Thus, it is not
surprising that in this difficult case, neither GMAP nor Z-Comp were able to completely
remove the bias obtained from clutter removal being applied to stratiform rain. Clearly, the
only way to avoid clutter filter bias in this case is not to have any clutter filter on within the
weather echoes. The proposed spectral REC would be able to discriminate clutter and
weather within the RDA and decide weather to apply GMAP before the moments are output
to the RPG. In the case of ground clutter mixed with weather echoes, a technique to
recognize and correct the reflectivity compensation failure modes of GMAP and properly
correct the reflectivity is desired.
a)

b)

Figure 3.3: PPI displays of a) compensated power (dB), b) the difference between
compensated and unfiltered power (dB).
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4.0

Spectral Processing

4.1
Introduction
In addition to SZ phase coding, the new NEXRAD RDA will allow spectral processing
techniques to be implemented. Having the ability to compute and process Doppler
spectra for each range bin can lower spectral moment standard errors as well as eliminate
existing biases of mean power, velocity and spectrum width estimates. This is done in
primarily two ways: 1) by eliminating contaminating echoes such as birds, bugs, RF
interference and miscellaneous point targets and 2) averaging spectra in range to increase
SNR. Such techniques have already been investigated for wind profilers and airborne
radar, for example see Morse et al. 2002 and Cornman et al. 2003 where the algorithms
NIMA (NCAR Improved Moments Algorithm) and NESPA (NCAR Efficient Spectral
Processing Algorithm) are discussed, respectively. It is shown in these papers how
processing spectra in range can significantly improve weather moment estimation.
However, the manner in which the radar data are gathered is different for these two
applications as compared to the NEXRAD scanning strategies. Because of various factors
(radar characteristics, types of contamination, and end requirements of the moment data)
more averaging is possible in those NIMA and NESPA applications than would be
possible for the NEXRAD radars. Still, the prospect of real time spectral processing
versus range promises significant improvements in moment estimation. One can even
imagine processing spectra over some specified two dimensional grid area. In this
section we give examples of spectral processing and demonstrate how NIMA and
NESPA type processing would improve NEXRAD data quality.
4.2

Spectral Processing Examples

4.2.1. WEATHER ECHO SPECTRA WITH CONTAMINATION
Figure 4.1 shows a received power PPI plot of KOUN data taken on April 5, 2003. The
color scale represents raw unitless power. At 100 km range there is a complex of rain
cells while the red areas nearer to radar are likely due to clutter. Data on this date were
gathered in both long PRT mode and short PRT mode with phase coding. Figure 4.1 is
from a long PRT scan and the 162 deg. azimuth (shown by a black line) was chosen for
spectral analysis since it appeared relatively free of multi trip echoes.
Figure 4.2 shows Doppler spectra versus range plot along the 162 deg. radial, i.e., the
vertical axis represents range from the radar, the horizontal axis is velocity and the color
scale is noise corrected power. The collected radar data was SZ(8/64) phase coded and
cohered to the first trip and the spectra have not been averaged. The unambiguous range
is about 115 km. Many interesting features can be seen. The red region along the zero
velocity line is evidently ground clutter return. The area at 90 to 110 km and 10 to 20
m/s is precipitation. In regions of strong ground clutter there are strong power returns
along the entire velocity axis. This is in part due to the ground clutter power being spread
across the spectrum, which is caused by the time series length (64 point) and the window
function used. This demonstrates why ground clutter filters that simple simply “notch
out’’ the power around 0 m/s velocity can not eliminate all of the clutter power. There is,
however, more power spread across the spectra in the 15 to 30 km range than this can
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account for and the cause of this is discussed below. There is also power smeared across
the spectrum at the 105 to 115 km range and is this also explained below. From 40 to 80
km the arc of elevated spectral power from about 0 m/s to 30 m/s (seen in green) could be
caused by bugs tracing the environmental winds. Also seen are a few point targets such
as at 70 km, -25m/s.
Figure 4.3 is a 3 point moving average along the velocity axis for each range gate of Fig.
4.2. A pattern can now more easily be seen in the power spread across the velocities at
ranges 15 to 30 km and ranges 95 to 115 km. The power along the 15 to 30 km range
displays four peaks or four spectral regions where more power is concentrated. This
indicates that there is a 3rd trip echo present since 3rd trip echoes will contain four replicas
in the spectral domain when SZ(8/64) phase coding is applied to the transmitted signal
and the signal is cohered to the 1st trip (see Sachidananda and Zrnic 1998). In contrast,
the power in the spectra from 95 to 115 km, besides the main precipitation power located
between 0 and 20 m/s, is concentrated in eight areas indicating the presences of 2nd trip
echoes (or possibly 4th trip).
Figure 4.4 shows the same range versus velocity plot of Fig. 4.2 but with a 3x3 point
median filter applied. At each grid point a 3x3 set of points are examined and the center
point is replaced by the median value. In this way outliers are eliminated but the general
trend of the data is preserved. It is evident that the data looks much smoother when using
a median filter as compared to using a 3 point moving average filter. Which filter one
chooses to use will depend on the application and desired result. Both filtered data plots
are shown here to illustrate possible spectral data filtering techniques and their effect on
the data. For example, the median filter is very effective in eliminating returns from
point-type targets whereas the 3 point moving average filter preserves the power
contained in the signal. The general conclusion is that by examining spectra as a function
of range it is possible to identify and separate weather echoes from various other received
non weather signals, such as RF interference, point targets, multi-trip and clutter. The
precipitation is the area from about 80 km to 115 km at 10 to 20 m/s velocity; there are
discernable winds (clear air echoes) from about 30 to 80 km indicated by the green arc;
clutter is seen at zero velocity close to the radar; and multi-trip echo contamination is
apparent from the periodicity seen in some of the spectra.
If the region of precipitation echo and clear echo can be identified from spectra versus
range plots, then it is possible to use this information to increase data quality. Fig. 4.5
shows the same data as Fig. 4.2 but with two solid black lines demarcating the weather
and clear air echoes and a dashed black line indicating the approximate mean radial
velocity. These lines were simply added by hand but NESPA and NIMA do this
automatically for similar data, and then integrate moment estimates only over the desired
region. This will clearly yield much better estimates (i.e., less biased means and reduced
standard deviations) of power, velocity and spectrum widths.
To illustrate this fact, Fig. 4.6 shows the same data of Fig. 4.2 except with an elongated
vertical axis for the purpose of more clearly displaying mean velocity and spectrum width
estimates. The black dots indicate mean velocity estimates whereas the purple lines
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indicate the spectrum width via their length. The estimates are made using the traditional
pulse pair method using raw unfiltered time series data. Figure 4.7 is similar to Fig. 4.6
showing mean velocity estimates and spectrum width overlaid on the data from Fig. 4.4,
the 3x3 median filtered data. In Fig. 4.7 the estimates were calculated in the spectral
domain by only integrating the raw unfiltered spectra over the area where the desired
signal lies, as indicated by the filtered data (solid black lines of Fig. 4.5). The mean
velocity and spectrum width estimates are shown on the 3x3 median filtered data because
the integration limits are determined from this plot using continuity of the velocities in
range. Comparing Figs. 4.7 and 4.6 shows that indeed the mean and spectrum width
estimates of Fig. 4.7 are much less “noisy” than those of Fig. 4.6 and the mean velocity
estimates better track the actual mean of the desired meteorological echoes.

Figure 4.1. PPI power scan of KOUN data at 0.5 degrees elevation on April 5, 2003. The
black line near 162 degrees azimuth shows where the spectra versus range are calculated
in Figs. 4.2-4.6.
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Figure 4.2. Spectra versus range corresponding to the 162 azimuth line shown in Fig.
4.1. The spectra are unfiltered (unsmoothed).
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Figure 4.3. Spectra versus range as shown in Fig. 4.2 but with a 3 point moving average
filter in range applied at each pointing the spectra.
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Figure 4.4. Spectra versus range as shown in Fig. 4.2 but with a 3x3 point median filter
applied at each velocity bin.
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Figure 4.5. Spectra versus range as shown in Fig. 4.2. Two solid black lines are shown
which define the area of likely weather echo. The dashed black line is a human estimate
of the mean velocity.

40

Figure 4.6. Same as Fig. 4.2 but with expanded scales. Black dot markers indicate the
mean velocity estimate using the standard pulse pair method. The purple lines indicate
the spectrum width.
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Figure 4.7. Same as Fig. 4.4 but with expanded scales. Black dot markers indicate the
mean velocity estimate using a spectral based estimator with integration limits similar to
the region defined by the solid black lines of Fig. 4.4. The purple lines indicate the
spectrum width.
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4.2.2. BIRD ECHO SPECTRA
Bird echoes pose a serious problem to the NEXRAD radar user community by causing
radar signatures that are difficult to distinguish from weather echoes. Single birds in
resolution volumes will be manifested as power centered narrowly about some mean
velocity. Thus they should appear as point targets and possibly be eliminated via spectral
processing when their velocity is significantly different from the mean velocity of any
accompanying precipitation or clear air echo. Flocks of birds present a more complex
problem. Their velocity signature will likely be much more spread across the spectrum,
unlike a single point target, and unfortunately appear similar to weather echoes. In order
to understand the spectral signature of flocks of birds we next examine the nature of some
bird echoes from data gathered during NAME (North American Monsoon Experiment) in
2004.
The following data were gathered on 20 July 2004 just north of Mazatlan, Mexico using
RVP8 on S-Pol at times 12:34:44, 12:41:09 and 12:49:13 GMT. Shown in Figs. 8 and 9
are a series of PPI scans of reflectivity and velocity, respectively. Seen at about (-40 km,
50 km) are two crescent shape signatures that are likely bird flocks. The series of PPIs
shows how these crescent shaped areas grow and evolve with time. The yellow lines
mark the coastal features of Mexico. These crescent shaped echoes appeared at about
12:20 GMT (6:20 local time) and began to spread out and move toward the radar at about
10 to 15 m/s as depicted by Figures 8 and 9. Weather echoes typically do not exhibit this
type of behavior and birds were routinely seen taking off and flying at this time in the
morning around the observation area of S-Pol. Thus we believe these are bird echoes.
Shown in Fig. 4.10 are two spectra versus range plots taken at about the 320 degree
azimuth at the three times of the PPI plots. The bird echoes are located at the 50 to 80
km range. Comparing Fig. 4.10 to the weather spectra of Fig. 4.2 indicates that the birds’
spectral signature is similar to the weather spectral signature and indeed it may be
difficult to distinguish them. The spectra due to birds does appear to have a significant
variance (i.e., it appears “noisy”) and it may be possible to distinguish it from weather
based on a measurement of the texture of these spectral plots. This has not yet been
investigated or quantified. Furthermore, these particular bird spectra are clearly
asymmetric in contrast to typical weather spectra and this feature may be used to
distinguish bird flocks from precipitation echoes.
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Likely Bird Echoes

Range (km)
Figure 4.8a. This series of three reflectivity PPI scans were gathered on 20 July 2004
just north of Mazatlan, Mexico during the NAME (North American Monsoon Experiment)
using RVP8 on S-Pol at times 12:34:44, 12:41:09 and 12:49:13 Z. The crescent shape
echoes are likely due to be bird flocks. The yellow lines mark the coastal features of
Mexico.
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Figure 4.8b. The time evolution of a crescent shaped echoes likely to be birds.
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Figure 4.8c. The time evolution of crescent shaped echoes likely to be birds.
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Figures 4.9a. This series of three velocity PPI scans for Fig. 4.9a,b,c correspond to
Figures 8a,b,c, respectively. They were gathered on 20 July 2004 just north of Mazatlan,
Mexico during NAME (North American Monsoon Experiment) using RVP8 on S-Pol at
times 12:34:44, 12:41:09 and 12:49:13 Z.
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Figure4. 9b. Velocity PPI corresponding to Figure 4.8b.
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Figure 4.9c. Velocity PPI corresponding to Figure 4.8c.
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Figure 4.10a. Spectra versus range plot at the 320.4 degree azimuth at time 12:41 GMT.
Likely bird returns are seen at about 10 m/s, 65 km.
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Figure 4.10b. Spectra versus range plot at the 320.4 degree azimuth at time 12:49 GMT.
Likely bird returns are seen at about 10 m/s, 65 km.
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1. Introduction
The Anomalous-Propagation (AP) Clutter
Mitigation Scheme (Kessinger et al. 2001) is being
implemented within the Open Radar Product
Generator (ORPG) (Saffle and Johnson 1998;
Saffle et al. 2001) of the Weather Surveillance
Radar–1988 Doppler (WSR-88D) of the National
Weather Service (NWS). This scheme is designed
to automatically identify and remove the AP
ground clutter caused by atmospheric conditions
favorable for refraction of the radar beam towards
the surface. Removal of AP ground clutter is
necessary because it is a contaminant within the
radar base data fields that causes erroneous radarderived rainfall estimates within the WSR-88D
precipitation processing subsystem (PPS; Fulton et
al. 1998; O’Bannon 1998) as well as errors in
interpretation.
Ground clutter filters are able to remove the clutter
contamination in most situations. However, the
filters also introduce biases into the base data
within precipitation echo. The reflectivity is biased
low in regions having near zero radial velocity,
resulting in underestimates of rain rate and
adversely impacting hydrological estimates. The
radial velocity estimates are also biased,
potentially influencing velocity-based algorithms.
Due to the clutter filter biases, it is not optimal to
apply clutter filters globally.
Currently, manual application of ground clutter
filters is used within the WSR-88D data quality
control system to remove AP clutter within
affected regions. The goals of the AP Clutter
Mitigation Scheme are automated clutter filter
control and correction of clutter filter biases in
precipitation. The result will be improved weather
radar base data quality, benefiting a wide range of
end users including hydrology, numerical weather
prediction and air traffic control. Radar operators
will no longer have the tedious responsibility of
clutter filter control.
The AP Clutter Mitigation Scheme consists of
three parts: the Radar Echo Classifier (REC)
(Kessinger and Van Andel, 2001), the Reflectivity
______________________
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and Radial Velocity Compensation Scheme (ZVComp) (Ellis, 2001) and Clutter Filter Control.
The REC is a multi-channel fuzzy logic algorithm
that objectively identifies radar echoes using the
base data fields of the WSR-88D. Currently the
REC consists of algorithms to identify AP clutter,
precipitation and clear air (insect) echoes. An
algorithm for sea clutter detection is under
development. The ZV-Comp algorithm uses a
lookup table of corrections created from a series of
Gaussian approximations to precipitation spectra
and a simulated WSR-88D ground clutter filter.
The output of the REC determines where to apply
ZV-Comp so that only regions identified as
precipitation are compensated. Clutter Filter
Control will be accomplished on a gate-by-gate
basis using the output of the REC.
Implementation of the AP Clutter Mitigation
Scheme has begun with the AP Detection
Algorithm (APDA) of the REC being incorporated
into the WSR-88D Open Radar Product Generator
(ORPG) build two. The APDA is to be delivered
to the field by early October 2002. The
Precipitation Detection Algorithm (PDA) and the
ZV-Comp are to be implemented in ORPG build 4
in September of 2003.
An overview of the AP Clutter Mitigation scheme
is presented in section 2, results from the
deployment of the REC and ZV-Comp algorithms
on NCAR’s S-Pol radar during two recent field
programs are shown in section 3, section 4 updates
the implementation on the WSR-88D radar
network and section 5 discusses the acquisition of
a new radar processor for S-Pol and plans for
spectral domain processing.

2. AP Clutter Mitigation Scheme
The AP Clutter Mitigation Scheme has the goal of
automated AP clutter detection and removal as
well as clutter filter bias correction. To accomplish
this the Radar Echo Classifier objectively
determines the echo type. If AP clutter is detected,
the clutter filter will be automatically invoked in
only the affected areas, avoiding clutter filter bias
throughout the entire scan. If the clutter filter is
applied to regions of precipitation, the Reflectivity
and Velocity Compensation (ZV-Comp) algorithm
will automatically correct for clutter filter biases.

The clutter filter will expire after a user-specified
length of time. If the AP clutter remains, it will be
detected and clutter filters invoked again.
Automated specification of the clutter filter notch
width is also planned.

A. Radar Echo Classifier
The Radar Echo Classifier (REC) is an expert
system that uses “fuzzy-logic” principles (Kosko,
1992) to estimate the type of scatterer measured by
the WSR-88D. The REC algorithms use only the
base data as input, including Z (reflectivity), V
(radial velocity) and W (spectrum width).
Currently, the REC consists of three algorithms:
the AP Detection Algorithm (APDA) detects
regions of anomalously-propagated (AP) ground
clutter return, the Precipitation Detection
Algorithm (PDA) defines convective and
stratiform precipitation regions, and the Insect
Clear Air Detection Algorithm (ICADA) defines
return from insects in the boundary layer. These
algorithms have been developed using data from
several WSR-88D radars and the NCAR S-Pol
radar (Kessinger et al. 1999). A sea clutter
detection algorithm is under development.
As depicted in Figure 1, the REC ingests the base
data and computes numerous quantities, called

features, useful for distinguishing echo types. The
standard deviation of reflectivity and mean
velocity computed over a small, user defined
region, are examples of features. Each algorithm
within the REC uses a unique list of features.
Next, the appropriate features are ingested into the
fuzzy recognizers and the interest (or membership)
values computed from pre-defined membership
functions. The interest value is a measure of the
likelihood that a feature is an indicator of the
category in question, e.g. clutter, precipitation etc.
The interest values range from 0 to 1. Examples of
membership functions for the APDA are shown in
Figure 2. After a-priori weights are applied, the
interest values for each of the features are
summed, averaged and a threshold is applied to
determine if the data point is a member of the class
for which the recognizer was designed. A full
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Figure1. Schematic showing the organization of
the Radar Echo Classifier (REC)

Figure 2. Examples of membership functions for
the APDA algorithm.

description of the REC algorithms and
membership functions is presented by Kessinger et
al. (2003).

B. Reflectivity and velocity compensation
The ZV-Comp method uses "look-up" tables of
corrections that have been generated a-priori,
making it computationally efficient. The
corrections are computed using Gaussian
approximations for precipitation spectra and a
simulated clutter filter consistent with the
characteristics of the clutter filter used by the
radar. Each clutter filter configuration requires a
separate table of corrections. It is straightforward
to obtain filtered and unfiltered power as well as
filtered radial velocity and spectrum width from
the simulated data, from which the look-up tables
are constructed.

∞

W filt =

∫ (V − V )

2

filt

−∞

S u (V ) h(V )

dV Eq. 5
M 0 filt

where h(V) is a piecewise-continuous function
designed to emulate the WSR-88D clutter filter
response (Figure 3). The power estimates from
equations 2 and 3 are unit-less linear quantities.
The passband velocity (Vp) and stopband velocity
(Vs) are selected using the reported filter response
characteristics of the three WSR-88D clutter filter
configurations (Sirmans, 1992). The notch depth
of the WSR-88D filters is 60 dB.

The first step in creating the look-up table is to
generate a family of Gaussian spectra, Su, using,

 (V − V )2
S u (V ) = exp −

2 σ v2


( )


,



Eq. 1

where V and σv are the input (unfiltered) radial
velocity and spectrum width and V is the velocity
spectrum. Numerous spectra are computed using

V and σv inputs that span a range of physically
relevant values. The unfiltered power (M0) is
estimated as
∞

M0 =

∫

Eq. 2

Next, the corresponding filtered power (M0filt),
filtered velocity (Vfilt) and filtered spectrum width
(Wfilt) are calculated for each spectrum using the
following moment calculations,
∞

∫ S (V ) h(V ) dV
u

Eq. 3

−∞
∞

V filt = ∫ V S u (V ) h(V )
−∞

Finally, the correction factor (L) for Z is computed
as the ratio

L=

M0
.
M 0 filt

Eq. 6

Thus, we end up with one table for each filter

S u (V ) dV

−∞

M 0 filt =

Figure 3. Illustration of the approximated filter
response, h(V), where Vp is the passband edge,
and Vs is the stopband edge.

dV
Eq. 4
M 0 filt

configuration consisting of Vfilt, Wfilt, L and V
values spanning the range of V and σv inputs. The
measured V and W pair (recall these are filtered
values) is then matched to the nearest Vfilt and Wfilt
pair from the proper look-up table to obtain the
corresponding reflectivity correction factor, L, and
the corrected radial velocity. The corrected power
is computed by multiplying the measured power
by L. Note that all of the computations on power
are performed in linear space, and that the
correction factor is independent of the range
correction and radar constant used to convert
power to reflectivity. The corrected value of radial
velocity is obtained by substituting the table value

V for the measured filtered radial velocity.

In the WSR-88D, the resolution of the power data
is degraded to 1 km resolution, while the Doppler
data has 0.25 km resolution. This means that for
every observation of power, there are four
observations of radial velocity and spectrum
width, creating the question of how to combine
these data sets with differing resolutions. For each
power observation the compensation method is
performed four times, once for each Doppler
observation. The compensated power then has a
resolution of 0.25 km that is degraded to 1 km by
using the median of the four values. The
compensated power is also quantized to 0.5 dB
bins as is done in the current WSR-88D output. A
0.5 ms-1 quantization is applied to the corrected
value of radial velocity as well.

a)
Filter bias

clutter

clutter

b)

3. Field program results
As part of a continuing verification effort, the AP
Mitigation Scheme was recently deployed in two
field programs on the NCAR S-Pol radar. The first
was the Improvement of Microphysical
Parameterization through Observational
Verification Experiment II (IMPROVE II) near
Sweet Home, Oregon during December 2001. The
second was the International H20 Project (IHOP)
in the Oklahoma panhandle during May and June
of 2002.
During the IMPROVE II project the S-Pol radar
was operating from atop a large hill in the Cascade
Mountains. The surrounding high terrain resulted
in widespread and very strong ground clutter
contamination as well as beam blockage. Ground
clutter filters with a notch width of 0.5 m/s were
used during most of the project, however strong
ground clutter residue was present. Figure 4 shows
a plan position indicator (PPI) of a) reflectivity, b)
radial velocity and c) spectrum width at an
elevation angle of 0.5o for a stratiform rain event
on 28 November 2001. The clutter filters were
operating, however, ground clutter leakage is
apparent by the high reflectivity values combined
with the noisy velocity estimates. The noisy radial
velocity values in the ground clutter are an artifact
of the dual polarimetric signal processing and
would simply be near zero (m/s) in the WSR-88D.
The clutter filter affects data near the zero radial
velocity line in the precipitation echoes to the west
of the radar.

c)

Figure 4. PPI scans of a) reflectivity (dBZ), b)
radial velocity (m/s) and c) spectrum width (m/s)
Figure 5 shows the REC results for a) the AP
Detection Algorithm (APDA) and b) the
Precipitation Detection Algorithm (PDA) with 0.5
thresholds applied. Values of APDA (PDA) above
0.5 indicate the presence of ground clutter
(precipitation). Both algorithms work well in this

case. The APDA successfully detects the ground
clutter contamination and the PDA identifies the
precipitation regions. The spatial coverage of the
ground clutter identified by the APDA and the
regions excluded from the precipitation
identification of the PDA differ. This is not
surprising considering the clutter filter is on
throughout the domain and the clutter residue is
mixed with precipitation echo. The ZV-Comp
method is only applied to regions that are not
identified as clutter by the APDA and are
identified as precipitation by the PDA.
a)

b)

Figure 5. Results of the REC algorithms a) APDA
and b) PDA.
The results of the reflectivity compensation are
illustrated in Figure 6. As an example consider the
small, circled region in Figures 6 a) and b) that
compares the biased reflectivity field to the
compensated reflectivity field. The zero m/s radial
velocity line bisects the region resulting in a valley
of negatively biased reflectivity values evident in
Figure 6 a). The Z-Comp algorithm removes the
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Figure 6. PPI displays of a) filtered reflectivity
(dBZ) b) compensated reflectivity (dBZ) and c) the
difference field (dB).
reflectivity bias resulting in a smooth field with no
artificial valleys. The maximum of the difference
field in Figure 6 c) is 3.0 dB, or half of the power.
The region with the largest differences between
filtered and compensated reflectivity occurs where
there are small values of spectrum width and 0 m/s
radial velocity close to the radar. Further in range
where the widths are larger, the compensation
values are less but cover a wider range of radial

velocities. This is consistent with the characteristic
response of the clutter filter.
The radial velocity correction results are shown in
Figure 7. The clutter filter biases the radial
velocity away from zero, i.e. positive velocities
have a positive bias and negative velocities have a
negative bias. The velocity compensation properly
corrects these biases as evident in the difference
field. On the positive (negative) side of the zero
m/s line the correction acts to reduce (increase) the
radial velocity, consistent with the expected clutter
filter biases.

The radar estimated rainfall totals were computed
using the filtered reflectivity and compensated
reflectivity data for the period 13:33 to 20:08 UTC
at an elevation angle of 1.5 degrees. The
computation was the standard Z-R relationship
used in the WSR-88D radars. The results are
plotted in Figure 8. The ovals in Figure 8 highlight
where the clutter filter had the most impact on the
estimated rainfall. It can be seen that using the
compensated reflectivity smoothly fills in the
rainfall deficit due to the clutter filters. The
maximum difference in the rainfall totals is nearly
3.0 mm, or about 30%.
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Figure 8. Radar estimated rainfall totals using a)
uncorrected reflectivity and b) compensated
reflectivity.
Figure 7. PPI displays of a) filtered radial velocity
(m/s) b) compensated velocity (m/s) and c) the
difference field (m/s) from IMPROVE II.

During the IHOP field program S-Pol was
operating with the same 0.5 m/s notch width
clutter filter used in IMPROVE II. Figure 9 shows
a) compensated reflectivity and b) the corrected
radial velocity for a convective case on June 15,

2002. Figure 10 shows that the PDA correctly
identifies the echoes as precipitation. The APDA
(not shown) did not falsely detect AP clutter
contamination.

Incorporating the other REC algorithms is
simplified in the context of the existing REC
architecture.

a)

Figure 10. PDA results for the convective example
from IHOP.
b)
a)

Figure 9. PPI’s of a) compensated reflectivity
(dBZ) and b) corrected radial velocity (m/s) from
the IHOP field program.
Figure 11 shows the difference fields for a)
reflectivity (Zcomp – Z) and b) radial velocity
(Vcomp – V). This example demonstrates that the
AP Clutter Mitigation Scheme performs well in
convective cases.

b)

4. Implementation
Implementation of the AP Clutter Mitigation
Scheme on the WSR-88D radar network has
begun. The Radar Echo Classifier is being
deployed in ORPG build 2 by October 2002.
Currently the AP Detection Algorithm (APDA) is
the only REC algorithm to be implemented.

Figure 11. Difference fields (corrected –
uncorrected) for a) reflectivity (dBZ) and b) radial
velocity (m/s) from the IHOP field program.

The WSR-88D users can view images of the REC
output in the form of likelihood of AP clutter in
10% intervals on the Human Control Interface
(HCI) of the ORPG and within the Automated
Weather Information Processing System (AWIPS).
The digital REC output data (likelihood in whole
percents) is available for algorithm use. For
example, the Precipitation Processing Subsystem
(PPS) Enhanced Preprocessing (EPRE) algorithm
will use the APDA output to remove AP clutter
from the Hybrid Scan reflectivity data that is
passed to the PPS Rate and Accumulation
algorithms. EPRE will be deployed in ORPG
Build 4. An example taken July 7 1994 in St Louis
MO. is shown in Figures 12, 13 and 14.

Reflectivity (dBZ)
Grey < 10 dBZ
Blue 10- 20 dBZ
Cyan 20-30 dBZ
Green 30-40 dBZ
Yellow 40-50 dBZ
Red 50-60 dBZ
Purple 60-70 dBZ

Figure 12. Reflectivity PPI showing AP clutter
mixed with precipitation collected from the St
Louis Missouri WSR-88D weather radar.
Figure 12 shows the lowest elevation reflectivity
factor (dBZ). The strong echoes to the northeast of
the radar are AP clutter echoes and would strongly
bias radar estimated rainfall rate if not removed.
The results of the Radar Operations Center’s
implementation of the APDA are shown in Figure
13 as a likelihood of clutter expressed in percent.

The algorithm successfully identifies the regions
of AP clutter to the northeast of the radar. The
clutter is removed by substituting uncontaminated
higher elevation angle reflectivity data into regions
where AP clutter was detected by the APDA. A
threshold of 50% is used to define AP clutter. In
this manner a clutter free hybrid scan is
constructed and can be used to estimate
precipitation rate in the PPS. The hybrid
reflectivity scan corresponding to Figures 12 and
13 is shown in Figure 14. The clutter has been
successfully replaced with uncontaminated data,
enabling more accurate and useful radar
precipitation estimates.

Z - AP clutter
Blue
< 10%
BlueCyan 10-20%
GreenCyan 20-30%
Green
30-40%
GreenYellow 40-50%
Orange
50-60%
Red
60-70%
Red/Purple 70-80%
Blue/Purple 80-90%
Grey/White > 90%

Figure 13. Display of the APDA results for the
reflectivity shown in Figure 12.
Once automated clutter filter control and Z-Comp
are implemented, the clutter filters will remove the
AP clutter and Z-Comp will correct for the clutter
filter bias in the lowest elevation angle of the next
scan. This will enable the PPS to use the
information from the lowest elevation angle,

In order to test and deploy spectral domain radar
processing, the NWS is purchasing Sigmet
Corporation’s RVP-8 Doppler processor. This
system contains user programmable spectral
processing capabilities. To facilitate research and
development of spectral processing techniques,
NCAR is in the process of acquiring the same
Doppler processor and installing it on the S-Pol
radar. This means that, as well as verifying the
performance of existing spectral processing
methods, new techniques can be developed and
tested on S-Pol and readily implemented within
the WSR-88D radars.

6. Acknowledgements
Reflectivity
Grey < 10 dBZ
Blue 10- 20 dBZ
Cyan 20-30 dBZ
Green 30-40 dBZ
Yellow 40-50 dBZ
Red 50-60 dBZ
Purple 60-70 dBZ

Figure 14. Hybrid reflectivity scan after removal
of the AP Clutter contamination using the APDA
results.
further improving the validity of the precipitation
estimates.

5. Spectral domain processing
The National Weather Service (NWS) has plans to
update the WSR-88D radar network with an Open
Radar Data Acquisition (ORDA) processor
beginning in the summer of 2004. The ORDA will
allow spectral domain processing of radar data in
real time, which has not been possible due to
computing time limitations. Spectral domain
processing has many advantages over the current
radar signal processing. For example, ground
clutter and point targets can be removed more
easily. Also access to the spectral data should
allow more precise reflectivity and velocity
compensation. There are numerous existing
techniques for clutter and point target removal and
appropriate corrections, however, most are
untested in an operational setting due to computing
limitations in the past.

The NOAA Radar Operations Center (ROC)
sponsors this research.
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THE AP CLUTTER MITIGATION SCHEME FOR THE WSR-88D
Cathy Kessinger, Scott Ellis, Joseph Van Andel and Jaimi Yee
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1.

Introduction

2.

Radar Echo Classifier

Atmospheric conditions favorable for refraction of the
radar beam can produce additional ground clutter return,
called anomalously propagated (AP) ground clutter
return. The AP clutter return is a serious data quality
problem for the National Weather Service (NWS)
national radar network, comprised of Weather
Surveillance Radars–1988 Doppler (WSR-88D),
because it causes erroneous radar-derived rainfall
estimates within the Precipitation Pre-processing
Subsystem (PPS; Fulton et al. 1998; O’Bannon 1998;
O’Bannon and Ling, 2003), other algorithmic errors and
errors in interpretation. Currently, the WSR-88D quality
control system removes AP clutter through the manual
application of ground clutter filters.

The radar echo classifier (REC) is an expert system that
uses “fuzzy-logic”, data fusion techniques (Kosko,
1992) to estimate the type of scatterer measured by a
single polarization radar. The REC is described in detail
in Kessinger, et al. (2003). Currently, four algorithms
have been designed and tested: the AP detection
algorithm (APDA) detects regions of AP ground clutter
return, the precipitation detection algorithm (PDA)
defines convective and stratiform precipitation regions,
the sea clutter detection algorithm (SCDA) defines
regions of clutter caused by the radar beam interacting
with the sea surface, and the insect clear air detection
algorithm (ICADA) defines return from insects in the
boundary layer.

The AP Clutter Mitigation Scheme (Ellis et al. 2003;
Kessinger et al. 2002) is initially being implemented
within the WSR-88D Open Radar Product Generator
(ORPG; Saffle et al. 2001) and finally within the Open
Radar Data Acquisition (ORDA; Elvander et al. 2001)
and has the goal of automating clutter-filtering
processes. The first WSR-88D implementation of the
AP Clutter Mitigation Scheme occurred in September
2002 with the deployment of the AP clutter detection
algorithm (APDA) during Build 2 of the ORPG. The
APDA output can be viewed on the Clutter Filter
Control Panel of the ORPG. The AP Clutter Mitigation
Scheme consists of four parts: the Radar Echo Classifier
(REC) of which the APDA is one part, the Reflectivity
Compensation scheme (Z-Comp), the augmentation of
the clutter bypass map, and the specification and control
of the clutter filters.

The APDA, PDA and ICADA were developed using
data from several WSR-88D and the S-Pol radar
(Kessinger et al. 1999). The SCDA was developed,
tested and deployed on the United Arab Emirates (UAE)
Doppler radars. Real-time deployment of the REC has
been accomplished on the S-Pol at various field
experiments since June 2000.

This paper discusses the REC and the Z-Comp
algorithms as deployed on the NCAR S-Pol radar
(Keeler et al. 2000) during real-time operations of the
International H20 Program 2002 (IHOP_2002) field
program and on the Denver WSR-88D during a snow
storm. Results of the newest REC algorithm, the sea
clutter detection algorithm (SCDA), are shown as it was
deployed on the United Arab Emirates (UAE) Doppler
radars.
Corresponding author address: Cathy Kessinger, NCAR, P.O.
Box 3000, Boulder, CO 80307; email: kessinge@ucar.edu

3.

Reflectivity Compensation Scheme

The Reflectivity Compensation scheme (Z-Comp) uses
a Gaussian approximation for the precipitation spectra
and a simulated WSR-88D clutter filter to estimate the
correction to offset the clutter-filter-induced (negative)
bias in the reflectivity. Details of the algorithm design
and implementation are in Ellis (2001). The Z-Comp
method has been tested quantitatively using WSR-88D
time-series data (aka Archive 1) collected at the
Memphis (KNQA) WSR-88D and has been run
operationally on the S-Pol radar since 2001.
Within the AP Clutter Mitigation Scheme, output from
the REC APDA and the PDA determine where the ZComp scheme is applied such that only regions of
precipitation are compensated. This prevents undesired
compensation of reflectivity values within ground
clutter return.
4.

Radar Systems

The WSR-88D are 10 cm wavelength radars with single
polarization. The S-Pol radar is a 10 cm wavelength,
dual polarization radar. The S-Pol uses a four-pole

a) Reflectivity

c) APDA

b) Radial Velocity

d) PDA

elliptical, high pass ground clutter filter with passband
edges of +0.5 m s-1. The WSR-88D clutter filter for low
suppression has passband edges of +1.2 m s-1 and for
medium suppression has passband edges of +1.6 m s-1.
Because of its comparatively narrow width, the S-Pol
ground clutter filter removes less data from the power
spectra when compared to a WSR-88D.
The UAE radars are 5 cm radars from the Enterprise
Electronics Corporation (EEC), Inc. They have a single
polarization.
5.

REC Results from IHOP_2002

Results from the REC APDA and the PDA algorithms
are shown for one case from IHOP_2002 (Fig. 1). The
S-Pol data were collected on 16 June 2002 at 00 UTC.
Figure 1 shows the reflectivity and radial velocity fields
within several large convective cells, a gust front and
contamination from AP clutter (enclosed in the white
circles) caused by passage of the gust front over the
radar. Thresholded output from the APDA and the PDA
are shown in Fig. 1c and 1d. The APDA detects the
regions of clutter quite well. The PDA detects the
regions containing both convective and stratiform
precipitation with good performance.
6.

Figure 1. S-Pol data are shown
from the IHOP_2002 field
program on 16 June 2002 at 00
UTC. Fields shown include a)
reflectivity (dBZ), b) radial
velocity (m s-1), c) REC output
from the APDA thresholded at
0.5 interest, and d) REC output
from the PDA thresholded at 0.5
interest. Three regions of AP
ground clutter are encircled. The
0 degree elevation angle is
shown with range rings at 30 km
intervals.

REC Results from the United Arab Emirates

Results from the sea clutter detection algorithm (SCDA)
are shown in Fig. 2 using data from the Al Dhafra radar
on 27 May 2002 at 0346 UTC. Details of the fuzzy logic

technique used in the SCDA will be presented at the
conference; however, the vertical variation of the
reflectivity field is a key indicator. The Al Dhafra radar
is located within 25 km of the Arabian Sea and has
frequent problems with sea clutter contamination.
Atmospheric conditions conducive to anomalous
propagation are common, especially during the summer
months. The reflectivity field is shown in Fig. 2a before
thresholding is applied with the SCDA while Fig. 2b
shows the reflectivity field after thresholding is applied
with the SCDA. The SCDA removes the strongest
regions of sea clutter return but does leave some weaker
clutter return near the edges of the main echo.
7.

Z-Comp Results from Denver KFTG

To illustrate the Z-Comp algorithm, a snow case was
selected using the Denver WSR-88D (KFTG) located to
the east of Denver and approximately 60 km east of the
Rocky Mountains. This case was selected from 18-19
March 2003 because of the stratiform nature of the
reflectivity return and because of the storm’s long
duration. The negative bias induced by application of
the ground clutter filters is most apparent in stratiform
precipitation.
Figure 3 shows the reflectivity, radial velocity and the
REC PDA output fields from 18 March 2003 at 2205
UTC. At this time, the most intense reflectivity is
located over and north of KFTG. The winds are from
the north and remain very steady during the nine hour

a) Without SCDA threshold

b) With SCDA threshold

period that is analyzed from 20 UTC on the 18th to 5
UTC on the 19th of March. The PDA performs well at
detecting the snow regions.
To show the negative bias in the reflectivity field, a
higher magnification of the reflectivity field is shown in
Fig. 4a. Figure 4b shows the reflectivity field after
application of the Z-Comp algorithm to correct the
reflectivity bias while Fig. 4c shows the difference
between the compensated and filtered reflectivity fields.
Notice that the reflectivity difference is about 4 dB at
maximum.
Using the snow accumulation algorithm described by
Super and Holyrod (1997), and after applying the
dielectric factor (Smith, 1984), the water equivalent
snowfall rate (S) is calculated from

S = 0.089165Z e0.5
where S is expressed as mm hr-1, and Ze is expressed as
mm6 m-3. Integration of S over a specified time period
gives the snowfall (water equivalent) accumulation. For
this case, the snowfall accumulation is calculated over
a) Reflectivity

b) Radial Velocity

Figure 2. Reflectivity (dBZ)
data are shown from the
United Arab Emirates radar
at Al Dhafra. The
reflectivity fields are shown
a) before the sea clutter
detection algorithm (SCDA)
is applied as a threshold to
remove the contamination
and b) after the SCDA is
applied as a threshold.

the 9 hour period mentioned above. Snow accumulation
is shown with the filtered reflectivity data as input (Fig.
5a) and with the compensated reflectivity as input (Fig.
5b). Notice how the Z-Comp correction allows a more
continuous region of snow accumulation to be derived
without the negative bias induced by the clutter filter.
The maximum difference in water equivalent snow
accumulation is about 4 mm within 30 km of KFTG
within small regions to the east and west of the radar
location (where the radial velocity was near zero), with
maximum differences of about 2 mm in regions farther
to the west-northwest. Near the radar, the approximate
change in snowfall accumulation is from about 6 mm to
10 mm, a significant.
This is the first time that the Z-Comp algorithm has
been applied to winter precipitation conditions and
shows that the technique is applicable to warm and cold
season precipitation.
8.

ORPG and ORDA Implementations

The Enhanced Preprocessing Subsystem (EPRE;
O’Bannon and Ling, 2003) will be implemented within
c) PDA

Figure 3. Data are shown from the Denver WSR-88D (KFTG) on 18 March 2003 at 2205 UTC. Fields shown are the a)
filtered reflectivity (dBZ), b) the radial velocity (m s-1) and c) output from the precipitation detection algorithm (PDA)
thresholded at 0.5 interest. The 0.5 degree elevation angle is shown with range rings at 30 km intervals.

a) Filtered Reflectivity

b) Compensated Reflectivity

c) Reflectivity Difference

Figure 4. Data are shown from the Denver WSR-88D (KFTG) on 18 March 2003 at 2205 UTC. Fields shown are the a)
filtered reflectivity (dBZ), b) the compensated reflectivity (dBZ) and c) the difference between the compensated reflectivity
and the filtered reflectivity fields (dBZ). The 0.5 degree elevation angle is shown with range rings every 10 km.

ORPG Build 5 in spring 2004. The EPRE is an updated
version of the PPS and will use the APDA to remove
clutter contamination to improve precipitation estimates
derived from the WSR-88D. The PDA and the Z-Comp
algorithms are planned to be implemented in the ORPG
Build 6 in the fall of 2004. Once implemented, the PDA
and the Z-Comp output will be input into EPRE to
further enhance precipitation estimates by correcting for
the clutter filter bias in the reflectivity.
The last REC algorithm to be developed and eventually
deployed within the ORPG will be the stratiform/
convective partition algorithm based on the Steiner et al.
(1995) technique.
For ORDA, the AP Clutter Mitigation Scheme will be
adapted to incorporate spectral domain processing
techniques. The Sigmet Corporation’s RVP8 digital
signal processor will be the new processor for the WSR88D and has also been installed on the S-Pol radar. The
RVP8 allows various spectral processing techniques to
be used for clutter filter removal that should lead to
additional enhancements in radar data quality. Having
RPV8 on both the S-Pol and the WSR-88D should
a) Filtered

b) Compensated

expedite technique development and deployment.
9.

Summary

An update on the AP Clutter Mitigation Scheme for the
WSR-88D has been given. Recent results from the REC
and the Z-Comp algorithms were shown.
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Figure 5. Snow accumulation (mm)
is shown derived from data taken
with the Denver WSR-88D (KFTG)
on 18-19 March 2003. Nine hours
of data are included from 20 UTC
on the 18th to 5 UTC on the 19th of
March. Fields shown are the a)
snow accumulation using the
filtered reflectivity (dBZ) and b) the
snow accumulation as calculated
using the compensated reflectivity.
The bold line shows the 7.5 mm
snow accumulation contour when
the filtered reflectivity is used.
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12.5

CURRENT AND FUTURE PLANS FOR THE AP CLUTTER MITIGATION SCHEME
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Boulder, CO 80305

1. Introduction
Implementation of the AP Clutter Mitigation
Scheme is underway within the WSR-88D system
as part of the Open Radar Product Generator
(ORPG; Saffle et al. 2001). Once fully
implemented, this scheme will improve the radar
base data quality by identification and removal of
ground clutter produced under anomalous
propagation (AP) conditions. The current WSR88D quality control system removes ground clutter
that is present during normal propagation
conditions by application of clutter bypass maps.
AP ground clutter requires manual application of
additional clutter filters. The AP Clutter Mitigation
Scheme is working toward full automation of
ground clutter filter specification and control. The
first step in this implementation was achieved
when the AP Clutter Detection Algorithm (APDA)
was deployed during Build 2 of the ORPG in
September 2002. Output from the APDA is
available for perusal on the ORPG Clutter Filter
Control panel and is expressed in terms of “clutter
likelihood values” between 0-100, with 100
meaning that clutter is very likely present.
The AP Clutter Mitigation Scheme (Ellis et al.
2003; Kessinger et al. 2002) consists of three parts:
1) the Radar Echo Classifier (REC) of which the
APDA is one module and the Precipitation
Detection Algorithm (PDA) is a second module, 2)
the Reflectivity Compensation Scheme (Z-Comp),
and 3) clutter filter specification and control. The
Enhanced Preprocessing Subsystem (EPRE;
O’Bannon and Ding, 2003) is an enhanced version
of the Precipitation Pre-processing Subsystem
(PPS; Fulton et al. 1998; O’Bannon 1998) and is
used to compute radar-derived rainfall estimates.
The initial version of EPRE is planned for
implementation in ORPG
Corresponding author address: Cathy Kessinger, NCAR, P.O.
Box 3000, Boulder, CO 80307; email: kessinge@ucar.edu

Build 5 in spring 2004 and will use the APDA to
remove clutter from the hybrid scan. Once fully
deployed within ORPG, output from the REC
APDA, the REC PDA and the Z-Comp will be
input into the EPRE.
The Sigmet Corporation RVP8 digital signal
processor will be installed on the WSR-88D
systems as part of the Open Radar Data
Acquisition (ORDA; Elvander et al. 2001). The
RVP8 has also been installed on the NCAR S-band
dual-Polarization radar (S-Pol) (Keeler et al. 2000)
as a parallel processor (Keeler et al. 2003). The
RVP8 processor will allow the use of spectral
domain processing and will facilitate greater
improvement in base data quality. Modification of
the AP Clutter Mitigation Scheme to accommodate
the new ORDA processor is planned and some
preliminary results are presented.
This paper discusses the REC and the Z-Comp
algorithm performance when data are input from
the Denver WSR-88D (KTFG) during a snow
storm on 18-19 March 2003. New, spectral domain
variables for the REC are presented.
2. Radar Echo Classifier
The radar echo classifier (REC) is an expert system
that uses “fuzzy-logic”, data fusion techniques
(Kosko, 1992) to estimate the type of scatterer
measured by a radar and uses the moment fields of
reflectivity, radial velocity and spectrum width as
input. The REC is described in detail in Kessinger,
et al. (2003). Currently, three algorithms have been
designed and tested: the AP detection algorithm
(APDA) detects regions of AP ground clutter
return, the precipitation detection algorithm (PDA)
defines convective and stratiform precipitation
regions in combination, and the sea clutter
detection algorithm (SCDA) defines regions of
clutter caused by the radar beam interacting with
the sea surface.

The APDA and the PDA were developed using
data from several WSR-88Ds and the S-Pol
(Kessinger et al. 1999). The SCDA was developed,
tested and deployed on the United Arab Emirates
(UAE) Doppler radars. Real-time deployment of
the REC has been accomplished on the S-Pol at
various field experiments since June 2000.
3. Reflectivity Compensation Scheme
The Reflectivity Compensation scheme (Z-Comp)
uses a Gaussian approximation for the precipitation
spectra and a simulated WSR-88D clutter filter to
estimate the correction to offset the clutter-filterinduced (negative) bias in the reflectivity. Details
of the algorithm design and implementation are in
Ellis (2001). The Z-Comp method has been tested
quantitatively using WSR-88D time-series data
(aka Archive 1) collected at the Memphis (KNQA)
WSR-88D and has been run operationally on the SPol since 2001.
Within the AP Clutter Mitigation Scheme, output
from the REC APDA and the PDA determine
where the Z-Comp scheme is applied such that
only regions of precipitation are compensated. This
prevents undesired compensation of reflectivity
values within ground clutter return.
4. Radar Systems
The WSR-88Ds are 10 cm wavelength radars with
single polarization. The S-Pol is a 10 cm
wavelength, dual polarization radar. The S-Pol
uses a four-pole elliptical, high pass ground clutter
filter with passband edges of +0.5 m s-1. The WSR88D clutter filter for low suppression has passband
edges of +1.2 m s-1 and for medium suppression
has passband edges of +1.6 m s-1. Because of its
comparatively narrow width, the S-Pol ground
clutter filter removes less data from the power
spectra when compared to a WSR-88D.
5. Current Status of the AP Clutter Mitigation
Scheme
The Enhanced Preprocessing Subsystem (EPRE;
O’Bannon and Ding, 2003) will be implemented
within ORPG Build 5 in spring 2004. The EPRE is
an updated version of the PPS and will use the
APDA to remove clutter contamination during
construction of the hybrid scan. The PDA and the
Z-Comp algorithms are planned to be implemented
in the ORPG Build 6 or 7. Once implemented, the

PDA and the Z-Comp output will be input into
EPRE to further enhance precipitation estimates by
correcting for the clutter filter bias in the
reflectivity.
The last REC algorithm to be developed and
eventually deployed within the ORPG will be the
stratiform/convective partition algorithm based on
the Steiner et al. (1995) technique. This algorithm
will be similar to the PDA except that each type of
precipitation will be treated separately. Once
ORPG development is completed for the AP
Mitigation Scheme, efforts will be directed at
modifying the scheme for the ORDA environment.
6. Results from Denver KFTG
To illustrate the Z-Comp algorithm, a snow case
was selected using the Denver WSR-88D (KFTG)
located to the east of Denver and approximately 60
km east of the Rocky Mountains. This case was
selected from 18-19 March 2003 because of the
stratiform nature of the reflectivity return and
because of the storm’s long duration and steady
prevailing wind direction during the period of
interest. The negative bias induced by application
of the ground clutter filters is more apparent in
stratiform precipitation compared to convective
precipitation. Attempts to compare the rainfall
accumulations of the filtered and compensated
reflectivity fields in convective situations have
been stymied by the rapid movement of the storms
and their uncanny ability to avoid surface stations.
The steady prevailing wind direction in this snow
case allows a large, negative bias to persist in
particular locations, useful when comparing the
radar-derived, water equivalent snowfall amounts
to surface measurements.
As part of the Federal Aviation Administration
(FAA) Winter Storms Product Development Team,
several snow gauges have been deployed in the
Denver Metropolitan region. Data from these snow
gauges will be compared to the KTFG radarderived snowfall accumulation using the filtered
and compensated reflectivity fields to examine the
ZComp performance. Data from two ASOS
stations are also examined. Data are not yet
available from the NCAR Marshall Field site
(indicated by “Mar” in Figures 4 and 5) but is
expected by the time of the conference.

a) Reflectivity

b) Radial Velocity

c) PDA

Figure 1. Data are shown from the Denver WSR-88D (KFTG) on 18 March 2003 at 2205 UTC. Fields shown
are the a) filtered reflectivity (dBZ), b) the radial velocity (m s-1), and c) output from the REC Precipitation
Detection Algorithm (PDA) thresholded at 0.5 interest values. The 0.5 degree elevation angle is shown with
range rings at 30 km intervals.

Also, this is the first time that the Z-Comp
algorithm has been applied to winter precipitation
conditions and shows that the technique is
applicable to warm and cold season precipitation.
Figure 1 shows the reflectivity, radial velocity and
the REC PDA output fields from 18 March 2003 at
2205 UTC. At this time, the most intense
reflectivity is located over and north of KFTG. The
winds are from the north and remain very steady
during the eleven hour period that is analyzed from
18 UTC on the 18th to 5 UTC on the 19th of March.
The PDA performs well at detecting the snow
regions as seen in Figure 1c. The APDA (not
shown) performs well by not identifying
a) Filtered Reflectivity

precipitation as clutter.
To show the negative bias in the reflectivity field, a
higher magnification of the reflectivity field is
shown in Figure 2a. Figure 2b shows the
reflectivity field after application of the Z-Comp
algorithm to correct the reflectivity bias while
Figure 2c shows the difference between the
compensated and filtered reflectivity fields. Notice
that the reflectivity difference is about 4 dB at
maximum.
Using the snow accumulation algorithm described
by Super and Holyrod (1997), and after applying
the dielectric factor (Smith, 1984), the water
equivalent snowfall rate (S) is calculated from

b) Compensated Reflectivity

c) ZComp - ZFilt

Figure 2. For the same data shown in Figure 1, results from the ZComp algorithm are shown. Fields shown are
the a) filtered reflectivity (dBZ), b) the compensated reflectivity (dBZ) and c) the difference of ZComp minus
ZFilt (dBZ). Range rings are at 10 km intervals.

a) Filtered

S = 0.089165Z e0.5

b) Compensated

Eqn 1

where S is expressed as mm hr-1, and Ze is
expressed as mm6 m-3. Integration of S over a
specified time period gives the snowfall (water
equivalent) accumulation. For this case, the
snowfall accumulation is calculated over the
eleven hour period mentioned above. Snow
accumulation is shown with the filtered reflectivity
data as input (Figure 3a) and with the compensated
reflectivity as input (Figure 3b). Notice how the ZComp correction allows a more continuous region
of snow accumulation to be derived without the
negative bias induced by the clutter filter. The
maximum difference in water equivalent snow
accumulation is about 4 mm within 30 km of
KFTG within small regions to the east and west of
the radar location (where the radial velocity was
near zero), with maximum differences of about 2
mm in regions farther to the west-northwest. Near
the radar, the approximate change in snowfall
accumulation is from about 6 mm to 10 mm, a
significant difference.
To compare the surface measurements of waterequivalent snowfall accumulation, four surface
stations are used. Their locations are indicated in
Figures 4 and 5. Unfortunately, a data outage exists
in two of the stations, with data ceasing after 2215
UTC. For that reason, storm total accumulation
results are shown for two time periods: 1800-2215
UTC (Figure 4) and 1800-0500 UTC (Figure 5).
In Figure 4, the two stations NW of KFTG within
20 km range are located near Denver International
Airport (DIA). For this time interval, these stations

Figure 3. Snow accumulation (mm)
is derived from Denver WSR-88D
(KFTG) data on 18-19 March 2003
from 18 UTC on the 18th to 5 UTC
on the 19th. Fields shown are a)
snow accumulation using the
filtered reflectivity and b) the snow
accumulation using the
compensated reflectivity. The bold
line shows the 7.5 mm contour
from the filtered reflectivity results.

are reporting 4 and 6 mm of water equivalent
snowfall amounts. Unfortunately, these two
stations are located to the north of the maximum
bias induced by the clutter filter. This is apparent
in the radar-derived accumulation because the
values in a) and b) are identical. The radar-derived
accumulation is about 5 mm and compares well to
the surface measurement. However, the surface
station to the SW of KFTG measured only a trace
of accumulation during this period compared to the
radar-derived amount of 4 mm. At this point in this
investigation, the reason for the larger discrepancy
between the two is not known. However, it is
interesting to note that this surface station is about
40 km from the radar. Perhaps the radar beam is
not adequately measuring snowfall very close to
the surface.
For the longer time interval, only one surface
station is currently available for comparison
(Figure 5). This station is one of the DIA stations.
The surface station measured 11 mm of water
equivalent, snowfall accumulation and compares
well to the ZComp results from the filtered and
compensated reflectivity fields. Both radar-derived
accumulations are about 10 mm.
Data from the Marshall Field site are eagerly
anticipated because this site is within the region of
compensated reflectivity (Figure 2c).
7. Future Plans for the AP Clutter Mitigation
Scheme
For ORDA, the AP Clutter Mitigation Scheme will
be adapted to incorporate spectral domain
processing techniques. The Sigmet Corporation’s
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Figure 4. Snowfall, water-equivalent, accumulation (mm) using KFTG data from 18 March 2003 over the time
period of 1800-2215 UTC. Fields shown are the a) storm total accumulation using the filtered reflectivity and b)
storm total accumulation using the compensated reflectivity. Red triangles indicate position of surface stations
with snowfall measurement devices. Measured water equivalent accumulation (mm) is noted to the right of each
triangle, with “T” indicating a trace amount of accumulation. Surface data from the Marshall Field site
(“Mar”) are not yet available.
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Figure 5. Same as Figure 4 except for a longer time interval on 18-19 March 2003 from 1800-0500 UTC.

RVP8 digital signal processor will be the new
processor for the WSR-88D and is planned for
deployment on Build 6. The RVP8 has also been

installed on the NCAR S-Pol (Keeler et al, 2003).
The RVP8 allows various spectral processing
techniques to be used for clutter filter removal that

Precipitation

g -n

Clutter

g-3 g-2 g-1 g0 g1 g2 g3

gn

Figure 6. An idealized power spectrum that contains precipitation and clutter return. The velocity index is
indicated by “gi” with indices ranging from –n to +n, the limits of the Nyquist velocity. The blue region
encloses the “clutter power” which corresponds to the power in the velocity indices of g-1, g0 and g1, and is
termed “Cp”. The green regions contain the “power near zero” at the velocity indices of g-3, g-2, g2 and g3
and are termed “Pnz”.

should lead to additional enhancements in radar
data quality. Having RPV8 on both the S-Pol and
the WSR-88D will expedite technique
development and deployment.
The ability to create new feature fields for input
into the REC will be augmented with spectral
domain processing. Two new variables have been
designed and are presented here. While they have
not yet been incorporated as part of the REC
APDA or PDA, they will be tested by conference
time for a few, selected cases.
Figure 6 shows an idealized power spectrum, F(gi),
where gi is the velocity index with gn
corresponding to the Nyquist velocity and where
F(gi) is the power at the gi velocity index. In this
simple example, it is assumed that the duration of
the time series samples yields a velocity increment
(delta g) of about 0.5 m s-1 such that the majority
of the clutter power is contained in the spectral
points g0, g-1 and g1. The large broad “bump” to the
left of the clutter is precipitation return.
Comparison of the power values at various points
in the spectra will yield useful information and
help to discriminate clutter from precipitation.
For example, calculating the “clutter power” (Cp)
can be done as follows:

Cp =

∑

[F(g0) + F(g-1) + F(g+1])

Eqn 2

where F(gi) corresponds to the power at the ith
velocity index. The Cp contains the power that is
indicated by the blue region in Figure 6.
Calculating the “power near zero” (Pnz) is done as
follows:
Pnz =

∑

[F(g-3) + F(g-2) + F(g2) + F(g3)]. Eqn 3

The Pnz contains the power to either side of the Cp
region and is indicated by the green regions in
Figure 6. The “total power” (“Ptot”) is the
summation of the power at all velocity indices and
is calculated as follows:
n

Ptot =

∑

F(gi)

Eqn 4

−n

where i is summed from –n to +n.
Using these equations, two new variables are
defined and are termed “Ratio 1” and “Ratio 2”.
They are calculated as follows:
Ratio 1 = Cp/(Ptot –Cp)

Eqn 5

and
Ratio 2 = Cp/Pnz.
These variables should prove useful in

Eqn 6

a) Power
Precipitation

b) Radial Velocity

c) Spectrum Width

Precipitation

NP Ground Clutter

d) Total Power

e) Clutter Power

f) Power near Zero

Figure 7. An example of spectral domain variables as calculated from KOUN time series data. Fields shown are
a) reflectivity (dBZ), b) radial velocity (m s-1) with values near 0 m s-1 shaded cyan, c) spectrum width (m s-1), d)
the total power (Ptot) field, e) the clutter power (Cp) field and f) the power near zero (Pnz) field. Notice the good
discrimination between NP clutter and precipitation return.

discriminating between convective precipitation
return and clutter return. Clutter typically has a
narrow spectrum while convective precipitation
has a broad spectrum. Stratiform precipitation is
not being considered in this discussion. When
Ratio 1 is large then the majority of the power is at
the velocity index g0 and may be a good indicator
of clutter return. Likewise, when Ratio 2 is large,
this indicates that the majority of the power is at
the g0 velocity index rather than in the Pnz region
and suggests a narrow spectrum at g0. Clutter
return may be indicated when both ratios are large.
To illustrate these new variables, both ratios are
calculated using time series data from the Norman
WSR-88D (KOUN) radar. The variables Ptot, Cp
and Pnz are shown in Figure 7 with the moment
data. As suggested in the above discussion, these
variables show a good ability to discriminate
between precipitation and clutter return for this

example. The results of calculating Ratio 1 and
Ratio 2 are shown in Figure 8. These results show
that both Ratios tend to be large within clutter
when compared to the precipitation return.
Before these new variables can be input into the
REC APDA or PDA, membership functions must
be devised. Additional cases will need to be
examined to ascertain the generality of the results.
Further, because stratiform precipitation also can
have a narrow spectrum width and appear much
like clutter return in the spectral domain, these
Ratios must be examined within stratiform
precipitation return.
As a first example, these new spectral domain
variables show considerable promise for the REC
and may lead to improved performance in certain
situations.

8. Summary
An update on the AP Clutter Mitigation Scheme
for the WSR-88D has been given. Recent results
from the REC and the Z-Comp algorithms were
shown for a Denver snow case. A comparison was
made between surface measurements of snowfall
accumulation and radar-derived snowfall
accumulation. New spectral domain variables were
presented that will be input into the REC in
preparation for future implementation within the
ORDA.
a) Power
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