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ABSTRACT

To test the utility and added value of polarimetric radar products in an operational environment, data
from the Norman, Oklahoma (KOUN), polarimetric Weather Surveillance Radar-1988 Doppler (WSR-
88D) were delivered to the National Weather Service Weather Forecast Office (WFO) in Norman as part
of the Joint Polarization Experiment (JPOLE). KOUN polarimetric base data and algorithms were used at
the WFO during the decision-making and forecasting processes for severe convection, flash floods, and
winter storms. The delivery included conventional WSR-88D radar products, base polarimetric radar vari-
ables, a polarimetric hydrometeor classification algorithm, and experimental polarimetric quantitative pre-
cipitation estimation algorithms. The JPOLE data collection, delivery, and operational demonstration are
described, with examples of several forecast and warning decision-making successes. Polarimetric data
aided WFO forecasters during several periods of heavy rain, numerous large-hail-producing thunderstorms,
tornadic and nontornadic supercell thunderstorms, and a major winter storm. Upcoming opportunities and
challenges associated with the emergence of polarimetric radar data in the operational community are also
described.

* Additional affiliation: NOAA/National Severe Storms Laboratory, Norman, Oklahoma.
�Additional affiliation: NOAA/National Weather Service, Warning Decision Training Branch, Norman, Oklahoma.

Corresponding author address: Kevin A. Scharfenberg, NOAA/National Severe Storms Laboratory, 1313 Halley Circle, Norman, OK
73069.
E-mail: Kevin.Scharfenberg@noaa.gov

OCTOBER 2005 S C H A R F E N B E R G E T A L . 775

© 2005 American Meteorological Society



1. Introduction

Through several decades of studies, researchers
worldwide have demonstrated the ability of polarimet-
ric radars to provide improved rainfall estimates (e.g.,
Seliga and Bringi 1976, 1978; Ulbrich and Atlas 1984;
Sachidananda and Zrnić 1987; Brandes et al. 2002;
Ryzhkov et al. 2005a), classification of bulk hydrom-
eteor characteristics (e.g., Hall et al. 1980, 1984; Höller
et al. 1994; Vivekanandan et al. 1999; Liu and Chan-
drasekar 2000; Straka et al. 2000; Zrnić et al. 2001;
Schuur et al. 2003a), and better data quality through the
recognition and elimination of nonmeteorological ech-
oes (e.g., Ryzhkov et al. 2002, 2005c; Zrnić and Ryzh-
kov 1999). These results, however, were mostly ob-
tained using much different scanning strategies than re-
quired by Weather Surveillance Radar-1988 Doppler
(WSR-88D) guidelines.

In the spring of 2003, the National Severe Storms
Laboratory (NSSL) in Norman, Oklahoma, conducted
the Joint Polarization Experiment (JPOLE), which was
designed in part to test in an operational environment
the utility and added value of real-time polarimetric
data and products collected by a prototype polarimetric
WSR-88D radar (hereafter referred to as KOUN). This
paper reports on the results of the JPOLE operational
demonstration, during which real-time polarimetric
data and products were delivered to forecasters at the
Norman, Oklahoma, National Weather Service
Weather Forecast Office (WFO). An overview of
JPOLE as a whole, including a discussion of polarimet-
ric rainfall estimation and hydrometeor discrimination
techniques, can be found in Ryzhkov et al. (2005c).

In preparation for JPOLE, polarimetric radar data
and products from the NSSL Cimarron research pola-
rimetric radar were delivered to the WFO beginning in
the spring of 2001. The data feed was switched to the
KOUN radar in the spring of 2002, upon completion of
the polarimetric upgrade (Melnikov et al. 2003). After
approximately 3 months of evaluation and testing, the
first high quality KOUN dataset was delivered to the
WFO on 16 June 2002. Fairly regular real-time data
delivery began that fall. Data were delivered on an
event-driven basis through the winter of 2002/03, as
work continued to enhance algorithm performance and
streamline the real-time data processing and delivery
system. All data delivered during this early JPOLE pe-
riod were collected with volume coverage patterns
(VCPs) that included only a few low-altitude elevation
angles as the radar was still in test and evaluation mode.
Much of the early data analysis focused on developing
techniques to assure high quality radar calibration.

The JPOLE intense observation period (IOP) was

conducted from 15 March through 15 June 2003 in an
effort to provide data in real time to forecasters on a
regular basis, and to gather their feedback and evalua-
tion. VCPs used during the IOP were designed to emu-
late the elevation angles, scanning rates, and volume
coverage times of the standard WSR-88D (up to 14
elevation angles every 5–6 min). In addition to the
qualitative and quantitative analyses of polarimetric
base data and algorithms, the data were examined to
assure no degradation to conventional reflectivity and
velocity information occurred.

In this paper, the operational benefits provided by
polarimetric radar data and products are demonstrated.
These benefits include immunity of polarimetric rain-
fall estimators to partial beam blockage, mitigation of
brightband contamination and drop size distribution
variability in rainfall estimation, and the ability to re-
motely identify bulk particle information, improving
detection of hail, tornadoes, winter storms, and nonme-
teorological echoes. Examples of enhancements to
WFO warnings and forecasts will show the operational
benefits radar polarimetry can provide. Finally, other
possible applications in operational meteorology are
discussed.

2. Overview of JPOLE data collection and
operational delivery

a. KOUN data

Several “base” polarimetric products from KOUN
were delivered to WFO forecasters during JPOLE. Dif-
ferential reflectivity (ZDR) is the reflectivity-weighted
mean axis ratio of scatterers in a sample volume. Nega-
tive values of ZDR can denote vertically oriented scat-
terers or ground clutter returns, while positive values
signify oblate shapes with horizontal orientation. The
correlation coefficient (�hv) describes the similarities in
the backscatter characteristics of the horizontally and
vertically polarized echoes. Progressively smaller �hv

values indicate a progressively greater mixture of scat-
terer shapes, sizes, orientations, and eccentricities. Fi-
nally, specific differential phase shift (KDP) describes
the difference between propagation constants for hori-
zontally and vertically polarized radar echoes over a
given range interval. The KDP values for isotropic bulk
scatterers, such as falling hail, are typically near 0°
km�1, but can become quite large (to over 4° km�1) in
heavy rain. A summary of polarimetric variables and
their relationships to bulk hydrometeor properties is
provided by Zrnić and Ryzhkov (1999).

As noted in Ryzhkov et al. (2005c), the KOUN data
archive contains a collection of 98 cases, including both
warm and cold season weather events, as well as me-
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teorological and nonmeteorological echoes. Among the
warm season events are tornadic events on two con-
secutive days in the Oklahoma City area, several non-
tornadic supercells, a severe storm that produced hail
over 13 cm in diameter, numerous other damaging hail
events, and convective cells producing high rainfall
rates. Among the cold season events are a major winter
storm with mixed precipitation types, two significant
snowfall events on consecutive days, and several sys-
tems producing stratiform precipitation and “bright-
band” reflectivity signatures. The database provides a
unique opportunity to examine the accuracy and skill of
the quantitative precipitation estimation algorithms
(QPEAs) and hydrometeor classification algorithm
(HCA) on storms having significant economic and so-
cietal impacts. Furthermore, since several tornadoes oc-
curred near the KOUN radar, these data set the stage
for studying the potential use of polarimetric signatures
to improve tornado warning lead time.

A variety of nonmeteorological echoes were also ob-
served by KOUN, including those due to anomalous
propagation, birds, insects, and chaff. Many of these
nonmeteorological echoes were observed by KOUN in
clear air conditions (15 events), whereas others were
concurrent with precipitation (31 events). Some of the
nonmeteorological echoes were embedded within pre-
cipitation while others were not. This archive provides
ample data to establish the efficacy of the dual-
polarimetric-based HCA in identifying and mitigating
the effects of ground clutter, anomalous propagation,
and biological scatterers. The HCA uses “fuzzy logic”
to determine the bulk scatterer characteristics in a ra-
dar volume using polarimetric base data, as described
by Schuur et al. (2003a) and Ryzhkov et al. (2005c).

Verification of observed polarimetric signatures was
a major focus of JPOLE. Two hail-intercept vehicles
were available from 28 April through 13 June 2003.
During the course of the project, cars were staffed by
University of Oklahoma students and two members of
the operational demonstration team. The purpose of
the hail-chase effort was to intercept thunderstorm
cores that had the potential to produce hail at the sur-
face. Observations from the chase teams were com-
pared with KOUN HCA output at low levels to verify
the algorithm’s ability to discriminate between rain and
hail. The vehicles collected more than 28 h of data on
five separate days, and these data continue to aid in the
analysis of JPOLE datasets and will lead to improve-
ments in the HCA (Heinselman and Ryzhkov 2004).

b. Operational data delivery

Since the insight of operational forecasters was vital
to the evaluation of polarimetric WSR-88D products

and display concepts, great emphasis was placed on
forecaster interactions during the IOP. NSSL observers
were scheduled to assist WFO forecasters in the analy-
sis and interpretation of the polarimetric radar data and
products for each significant weather event. Feedback
and comments from WFO forecasters were compiled
from evaluation forms that were designed to determine
the usefulness and performance of each polarimetric
measurement and product (Schuur et al. 2003b). This
information was used to improve polarimetric system
performance.

Table 1 describes the KOUN data and products de-
livered to WFO forecasters. These data were success-
fully delivered to the WFO for about 480 h during the
IOP. The data were viewed at the WFO on two Linux
workstations that ran the NSSL Warning Decision Sup-
port System-Integrated Information (WDSS-II) soft-
ware package (Hondl 2002). An NSSL representative
was at the WFO for at least a portion of 22 separate
significant weather events.

During severe weather events, the NSSL representa-
tive would simultaneously observe the data and update
forecast staff on polarimetric signatures and products
potentially useful in the warning decision process. The
WFO and NSSL meteorologists were asked to record
instances of KOUN data integration into WFO opera-
tions, note polarimetric characteristics in hazardous
weather (including winter storms, flooding rains, squall
lines, supercells, tornadoes, and hail), and evaluate the
performance of the polarimetric QPEAs and HCA.
Additionally, NSSL meteorologists were asked to co-
ordinate KOUN usage and calibration issues with radar
operators, assist WFO staff in collecting verification in-
formation, and give “on the fly” training to forecasters
on polarimetric theory, signatures, and the WDSS-II
software.

TABLE 1. Partial list of products made available to WFO Nor-
man forecasters from the KOUN polarimetric WSR-88D, and
their abbreviations. Doviak and Zrnić (1993) and Bringi and
Chandrasekar (2001) provide detailed descriptions of Z, ZDR,
KDP, and �hv. Schuur et al. (2003a) details the HCA, and the
QPEAs are described by Ryzhkov et al. (2005a).

Product Abbreviation

Reflectivity factor at horizontal polarization Z
Differential reflectivity ZDR

Specific differential phase shift KDP

Correlation coefficient �hv

Hydrometeor classification algorithm HCA
QPE algorithm using Z R(Z)
QPE algorithm using Z and ZDR R(Z, ZDR)
QPE algorithm using KDP and ZDR R(KDP, ZDR)
QPE algorithm using KDP R(KDP)
QPE algorithm using Z, KDP, and ZDR R(Z, KDP, ZDR)
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3. Rainfall estimation

In their written feedback, WFO forecasters agreed
that polarimetric radar provided significantly improved
rainfall accumulation estimates during JPOLE (Schuur
et al. 2003b), primarily through real-time comparison
with Oklahoma Mesonet reports. Several forecasters
remarked that this capability will likely be a significant
benefit to operational meteorology. Forecasters used
and evaluated the traditional R(Z) QPEA, which esti-
mates rain rate R using only reflectivity Z, and three
QPEAs using polarimetric variables: one using reflec-
tivity and differential reflectivity ZDR, R(Z, ZDR); a
second using only specific differential phase shift KDP,
R(KDP); and a third using specific differential phase
shift and differential reflectivity, R(KDP, ZDR). After
the JPOLE IOP, a “synthetic” R(Z, KDP, ZDR) algo-
rithm was developed, as described by Ryzhkov et al.
(2005a), which uses R(Z, ZDR) in areas of light rain (Z
� 36 dBZ), R(KDP, ZDR) in moderate rain (36 dBZ �

Z � 49 dBZ), and R(KDP) in areas of heavy rain (Z �
49 dBZ).

Experience during JPOLE suggests polarimetric ra-
dar QPEAs outperform the traditional R(Z) algorithm
in several regimes. Later statistical study of the JPOLE
data confirmed these observations (Ryzhkov et al.
2005c). First, brightband echoes, or regions of en-
hanced radar reflectivity associated with the melting of
snow and graupel aloft, typically cause an overestimate
of rain amounts by the traditional R(Z) algorithm. Sec-
ond, R(Z) typically underestimates precipitation due to
attenuation, which is frequently observed when the ra-
dar signal propagates through heavy precipitation or
when the radome is wet. Finally, the R(Z) relation is
often variable in both time and space due to variability
in the drop size distribution (DSD). Since polarimetric
variables help mitigate uncertainties due to DSD vari-
ability and hail contamination, polarimetric QPEAs
showed much improved rainfall estimation after verifi-
cation with Oklahoma Mesonet information (Ryzhkov
et al. 2005c). This is a major advantage in regions of
complex precipitation regimes (e.g., in mixtures of
stratiform and convective precipitation or in regions
with hail).

The flexibility and superior performance of polari-
metric QPEAs might have major implications for op-
erational meteorologists and users of their products. In
warning for flash floods, forecasters will potentially be
able to exhibit better confidence in the provided radar
rainfall estimates and reduce false alarms. The polari-
metric QPEA output from a rainfall event might be
used more effectively in water resource management
and remote estimations of soil moisture content. These

improvements may help hydrological models produce
better flash-flood guidance and river-forecast informa-
tion, aiding forecasts for flooding in the 1–3-day period.
Three cases during JPOLE highlight the advantages of
polarimetric rainfall estimation.

a. 18–20 October 2002: Heavy rain and
brightbanding

A heavy rain event in the Red River valley of south-
ern Oklahoma, a sensitive area for water resource man-
agement and hydrologic modeling, began late on 18
October 2002 and ended early on 20 October, in a re-
gion centered about 180 km south and southeast of
KOUN. The bulk of the heavy rain, with reported
amounts up to 80 mm (3.15 in.), fell during the daylight
hours of 19 October. Conventional R(Z) estimates
were considerably higher than the polarimetric R(KDP)
estimates in this case (Fig. 1); R(Z) values near 150 mm
and R(KDP) values near 80 mm were observed in the
vicinity of the highest reported rainfall total. Further,
the R(Z) algorithm suffered from regions of partial
beam blockage, revealed by azimuths with anomalously
low R compared to adjacent azimuths. Note that KDP is
immune to partial beam blockage, so the R(KDP) algo-
rithm did not show such abnormalities.

As a result of the enhanced reflectivity in the bright-
band, the R(Z) estimates were significantly inflated
above the reported totals. Although the R(Z) estimated
rain accumulations were near or slightly above the
“flash-flood guidance” available to forecasters (rainfall
rates estimated to be sufficient to exceed threshold run-
off values and cause local flash flooding, as determined
by National Weather Service River Forecast Centers),
forecasters reported they were able to use the polari-
metric QPEA output to be confident flash flooding was
not a major concern; forecasters could instead focus
staffing resources on other forecast issues. With the
polarimetric data, users could be more confident in
rainfall accumulations than they could be with only
R(Z) data and avoid overforecasting the resultant river
and lake levels.

b. 8 September 2002: Rain in a “tropical”
environment

The air mass over southern Oklahoma on 8 Septem-
ber 2002 was diagnosed by forecasters as maritime
tropical, originating over the Gulf of Mexico. Observed
regional soundings depicted a layer characterized by
high humidity, warm temperatures, and marginal lapse
rates, with observed precipitable water values above 50
mm (far above the climatological average for the date).
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Scattered thunderstorms and larger areas of light,
stratiform precipitation were observed. The R(Z, KDP,
ZDR) algorithm showed important differences from the
traditional R(Z) algorithm (Fig. 2). In areas affected by
convection, R(Z, KDP, ZDR) showed up to 40% higher
rainfall accumulation than R(Z). On the other hand,
during the same period, the R(Z, KDP, ZDR) algorithm
showed up to 25% less accumulation than R(Z) in re-
gions characterized by lighter, stratiform precipitation.
Available gauge measurements showed better agree-
ment with R(Z, KDP, ZDR) algorithm output than R(Z)
output.

The different behaviors of the algorithms in this case
are inferred by the DSDs typical of precipitation in
tropical air masses (Bringi et al. 2003). The R(Z) algo-
rithm underestimated the rainfall accumulations in the
convective regions due to a DSD characterized by a
relatively high concentration of small drops compared
to typical continental convection. The R(Z) algorithm
overestimated accumulations in the stratiform region
where the DSD was estimated to be dominated by a
relatively sparse concentration of larger drops. In cases
of light ambient winds and a tropical air mass, heavy
precipitation may persist in some areas for many hours,
and these R(Z) errors can accumulate to become quite
large. These improvements can give forecasters and
other data users better confidence in remote rainfall

accumulation estimation in tropical environments than
the R(Z) estimator alone can provide.

c. 14 May 2003: Heavy rain and hail in
supercellular convection

A northwest–southeast-oriented line of supercell
thunderstorms was observed by KOUN on the morning
of 14 May 2003. These thunderstorms produced wide
swaths of damaging hail over a 6-h period. The super-
cells moved from northwest to southeast, so some lo-
cations were affected by several different supercells in a
short amount of time, and flash flooding became a ma-
jor warning concern at the WFO. The conventional
R(Z) algorithm showed accumulations 50%–75%
higher than R(Z, KDP, ZDR) in the heavy rain areas
(Fig. 3). The large hail in this case caused the R(Z)
algorithm to severely overestimate the rain rate (de-
spite the 53-dBZ “cap” on reflectivity in the R(Z) re-
lation). As discussed in Ryzhkov et al. (2005b), in heavy
rain rates the rainfall estimator R(KDP) is most reliable,
and was the output used by forecasters during the 14
May 2003 event.

The amounts depicted by R(Z) in the 14 May case
reached or slightly exceeded the flash-flood guidance
values available to WFO forecasters. Forecasters were
able to use the superior polarimetric QPEA output to
be assured the flash-flooding threat did not require the

FIG. 1. (a) KOUN radar rainfall accumulation estimation using the standard WSR-88D R(Z) relation from 1400 UTC 18 Oct to 1400
UTC 20 Oct 2002, in a region of reflectivity “brightband” echoes. Overlaid numbers indicate rainfall accumulation reports (in.) from
rain gauge data courtesy of the Oklahoma Climatological Survey’s Oklahoma Mesonet. (b) As in (a) but for the KOUN polarimetric
radar rainfall accumulation estimation using specific differential phase shift, R(KDP). Rainfall estimates based on data collected at
approximately 3.5-km-altitude above radar level (ARL) (180-km range at 0.5° elevation angle).
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issuance of warnings, and no flash flooding was re-
ported.

4. Signatures related to deep moist convection

a. The “ZDR column” signature

Another unique polarimetric radar signature often
observed is a vertical area of enhanced differential re-
flectivity above the ambient melting level, often called
a ZDR column (e.g., Bringi et al. 1991; Brandes et al.
1995). The ZDR column is a region of enhanced ZDR

values extending above the freezing level, associated
with rising motion. Enhanced ZDR (frequently 2–5 dB)
and low Z (usually 35–50 dBZ) relative to surrounding
areas imply the presence of oblate hydrometeors (liq-
uid drops), and in situ data confirm the presence of low
concentrations of 1–3-mm-diameter liquid drops or
drops with ice cores and rising motion within ZDR col-
umns, partially from drops recirculated from melted
graupel and hail (Loney et al. 2002; Schlatter 2003,
among others).

The precise placement of ZDR columns relative to the
updraft differs from storm to storm. For example,

Bringi et al. (1991) studied a Florida multicell storm
and found the ZDR columns and main updrafts collo-
cated, while studies from supercells in Oklahoma and
Colorado have found a ZDR column on a flank of the
main updraft (e.g., Conway and Zrnić 1993; Askelson et
al. 1998; Hubbert et al. 1998). The drops within any
ZDR column are either advected into an updraft from
elsewhere below the 0°C level, or may grow in situ. The
ZDR columns are therefore good indicators of regions
of updraft in any particular storm, and the farther
above the 0°C level the column extends, the more vig-
orous the updraft.

The case of the afternoon of 10 May 2003 is an ex-
cellent example of the operational utility of the “ZDR

column” signature (Fig. 4). Available model guidance
and observational data indicated that severe storms
were likely to develop along a dryline in central Okla-
homa during the afternoon hours. If storms developed,
very favorable low-level wind shear and thermody-
namic profiles were expected to sustain significant tor-
nadic supercells in the region for a third consecutive
day. Thus, before and during the beginning stages of
the 10 May event, WFO forecasts reflected a substantial
threat of “high end” severe weather, including the pos-

FIG. 2. (a) KOUN radar rainfall accumulation estimation using the standard WSR-88D R(Z) relation from 1720 to 1820 UTC 8 Sep
2002, depicting precipitation areas in a tropical air mass. Circles represent areas of convection and arrows represent regions of stratiform
precipitation. (b) As in (a) but for the KOUN polarimetric R(Z, KDP, ZDR) algorithm. Rainfall estimates based on data collected at
approximately 3.5-km-altitude ARL (180-km range at 0.5° elevation angle).
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sibility of long-track and violent tornadoes. Forecasters
were also more likely to issue tornado warnings earlier
and at lower radar-based thresholds than on most other
typical severe weather days.

Although thunderstorms did develop and propagate
off the dryline into the warm sector as expected, fore-
casters using KOUN data noted that ZDR columns as-
sociated with strong convective updrafts weakened as
they propagated east and away from the dryline circu-
lation (Fig. 4a), and did not resemble the well-defined
ZDR columns typically associated with intense supercell
updrafts (e.g., Fig. 4b). This strongly suggested the vig-
orous updrafts that were being forced by the dryline
circulation were unable to be maintained in the warm
sector, despite the continuing high-reflectivity values
observed in some storm cells. Within 2 h after initial
storm development, WFO forecasters had deduced
something was wrong with the initial forecast of a high-
end event, and enhanced situation awareness aided by
KOUN data initiated a rapid and significant change in
the forecast philosophy. Forecasts from WFO Norman
were changed from ones representative of a high-end
severe weather day to ones more representative of a
typical severe weather day. Accomplishing such a suc-
cessful change in overall office forecast philosophy is

often a very challenging goal to achieve in midevent in
a timely manner (Quoetone et al. 2001).

b. Polarimetric hail detection

Researchers have long demonstrated an enhanced
ability to discriminate hail using polarimetric radar data
(e.g., Aydin et al. 1986; Balakrishnan and Zrnić 1990;
Bringi and Chandrasekar 2001). Hail is usually recog-
nized by low ZDR combined with high Z, due to the
bulk isotropic profile of hailstones in freefall. In many
cases storms with high Z values exhibit a local mini-
mum in ZDR, indicating the presence of hail, while
storms with similar Z characteristics do not show a
minimum in ZDR and likely do not contain significant
hail. In the case of Fig. 5, at 2300 UTC on 10 June 2003,
the thunderstorm’s core is marked by reflectivity to 60
dBZ, corresponding with a local minimum in ZDR.
HCA output alerted forecasters to the presence of hail,
and hail larger than 2 cm in diameter was observed by
one of the JPOLE hail-intercept vehicles in the vicinity
of the signature from 2327 to 2339 UTC.

These signatures allow forecasters and the HCA to
determine with higher confidence whether hail is
present. Typically, �hv is also reduced in rain–hail mix-
tures due to diverse hydrometeor shapes and sizes, and

FIG. 3. (a) KOUN radar rainfall accumulation using the standard WSR-88D R(Z) relation, from 0653 to 0953 UTC 14 May 2003, in
a region of supercell convection. Overlaid numbers indicate rainfall accumulation reports (in.) from rain gauge data courtesy of the
Oklahoma Climatological Survey’s Oklahoma Mesonet. (b) As in (a) but for the KOUN polarimetric R(Z, KDP, ZDR) algorithm.
Rainfall estimates based on data collected at approximately 0.4-km-altitude ARL (40-km range at 0.5° elevation angle).
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in areas of large hail due to resonance scattering. One
storm observed during JPOLE, responsible for produc-
ing hail at the surface over 13 cm (5.25 in.) in diameter,
exhibited Z values near 70 dBZ, ZDR near 0.5 dB, and
�hv as low as 0.7. This combination of values strongly
suggested the presence of giant, water-coated hail, and
forecasters issued strongly worded warnings, alerting
users to the likelihood of destructive hail.

While traditional WSR-88D hail detection algo-
rithms, by design, use empirical information to deter-
mine hail probability, polarimetric variables can yield a
three-dimensional explicit mapping of likely hail loca-
tion, allowing more specific hail threat information to
be passed from forecasters to users. Figure 6 illustrates
how the legacy and polarimetric algorithms compared
during one JPOLE event. While the legacy WSR-88D
hail detection algorithm determined a 100% probability
of hail associated with a large severe thunderstorm, the
HCA output correctly suggested the near-surface hail

was confined to a region away from the JPOLE inter-
cept vehicle.

During JPOLE, the HCA offered forecasters algo-
rithm guidance with explicit mapping of hail location,
and scored a higher probability of detection and lower
false alarm rate than the legacy hail algorithm. Quan-
titative analyses of HCA skill can be found in Ryzhkov
et al. (2005c) and Heinselman and Ryzhkov (2004). Us-
ing the JPOLE dataset, investigators are also attempt-
ing to employ polarimetric variables in the improve-
ment of hail size estimation and forecasting.

c. Tornado debris signature

Polarimetric radar information can help alert fore-
casters to the presence of tornadic debris. Significant
tornadoes struck the Oklahoma City area twice in a
30-h period, on 8 and 9 May 2003 (10 May UTC). Both
of these tornadoes were relatively close to the radar
and produced well-defined debris signatures in the po-

FIG. 4. (a) PPI of reflectivity (Z, left) at 3.5° elevation (92-km range, about 6.0 km ARL) and associated cross section of differential
reflectivity (ZDR, right) for a severe nonsupercell thunderstorm at 1831 UTC 10 May 2003. According to a sounding launched from
KOUN at 1700 UTC, the temperature at 6.0-km altitude [1.5 km above the 0°C level (dashed white line)] was �11°C. (b) As in (a) but
for a tornadic supercell at 2151 UTC 8 May 2003, PPI at altitude 6.1-km ARL (24-km range at 14° elevation angle). According to a
sounding launched at 1700 UTC 8 May, the temperature at this altitude [1.7 km above the 0°C level (dashed white line)] was �12°C.
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larimetric and conventional reflectivity fields, as dis-
cussed in detail by Ryzhkov et al. (2005b). It is pres-
ently unclear to what distance and tornado intensity
this signature can be expected to be identifiable.

The 8 May 2003 tornado lofted substantial amounts
of debris within 15 km of the radar, allowing very easy
identification. The second tornado occurred after local
sunset in an area with numerous trees, thus storm spot-

FIG. 5. (a) Reflectivity (Z, left), differential reflectivity (ZDR, center), and hydrometeor classification algorithm output (HCA, right)
images from the KOUN polarimetric WSR-88D, at 2300 UTC 10 Jun 2003. Data height approximately 0.9-km ARL (0.0° elevation
angle at 124-km range). (b) As in (a) but for a different thunderstorm at a similar range from the radar.

FIG. 6. (a) Reflectivity (top) and storm cell attributes table (bottom) from KTLX WSR-88D, at 2301 UTC 10 Jun 2003. The attributes
table indicates the legacy hail detection algorithm has a calculated probability of hail (POH) for cell 68 (circled) of 100%. The location
of a JPOLE hail-intercept vehicle is marked by the star. (b) Hydrometeor classification algorithm output from the KOUN polarimetric
WSR-88D at approximately the same time as the image in (a). Data height about 0.9-km ARL (0.0° at 124-km range).
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ters faced difficulty confirming the presence of a tor-
nado. Although a tornado warning was already in effect
when the signature was observed in both cases, the de-
bris detection increased confidence at the WFO that a
damaging tornado was in progress, and forecasters
were able to use enhanced wording in follow-up state-
ments.

5. Winter storms

Operational advantages of polarimetric radar are not
limited to warm season convective events. The altitude
of the melting layer or freezing level can be critical to
operational meteorologists needing to forecast precipi-
tation type (Scharfenberg and Maxwell 2003), and can
be well observed by polarimetric radar (Ikeda and
Brandes 2003). Such capability may also prove critical
in determining the altitude of the snow level in moun-
tainous terrain.

Polarimetric classification capability proved to be
particularly beneficial during a winter storm on 24–25
February 2003 in southern Oklahoma. Snow was the
primary precipitation type produced by this storm in
the affected areas of southern Oklahoma, with a 65-
km-wide area where storm total accumulations were in
excess of 10 cm (4 in.), and maximum amounts were
near 25 cm (10 in.). Despite some sampling limitations
due to range, real-time evaluation of KOUN data was
quite helpful to WFO forecasters during this event
(Miller and Scharfenberg 2003).

The synoptic situation was typical for a heavy snow
event in Oklahoma (Branick 1985): a strong baroclinic
zone extended from northwest Texas into Arkansas,
with a midtropospheric short-wave trough moving east-
ward into the region. Although only a weak surface
reflection of this feature was noted, lower- to midtro-
pospheric deformation within the baroclinic zone re-
sulted in strong frontogenetic forcing and ascent. How-
ever, up until the onset of precipitation, forecast confi-
dence in heavy snow accumulation was low, due to
forecast thermodynamic profiles that were considered
borderline regarding precipitation type. Forecasters ini-
tially issued a winter weather advisory at 2036 UTC on
24 February for �2.5–5 cm (1–2 in.) of total snow ac-
cumulation in southern Oklahoma, with a significant
amount of the precipitation expected to fall as freezing
rain and/or ice pellets, greatly limiting snow accumula-
tions. Forecasters did acknowledge, however, that suf-
ficient atmospheric cooling due to strong deep-layer
ascent, and/or diabatic cooling from melting snow
(Kain et al. 2000), could change the dominant precipi-
tation type to snow.

Precipitation developed over southern Oklahoma
during the mid- to late-afternoon hours on 24 February,

and rapidly increased in areal coverage and intensity
between 2030 and 2130 UTC. During this time, fore-
casters monitored both traditional WSR-88D imagery
from Oklahoma City, Oklahoma (KTLX), and Z, ZDR,
and �hv data from KOUN (Fig. 7a). Several calls were
made to spotters to ascertain precipitation type. During
the early stages of the event, one spotter report con-
firmed a mixture of freezing rain, ice pellets, and snow
(marked by the arrow in Fig. 7a).

Over the next 2 h (Fig. 7b), forecasters observed a
decrease in ZDR and increase in �hv, signaling a change
in the precipitation regime from mixed phase to a single
precipitation type. The changes in KOUN polarimetric
radar data prompted additional calls to spotters, one of
whom confirmed most of the precipitation had changed
to snow by 2345 UTC (arrows in Fig. 7b). WFO fore-
casters successfully upgraded to a heavy snow warning
based on this new information. Up to 25 cm (10 in.) of
snow was reported, a climatologically rare event in the
southern part of Oklahoma (Branick 2002), underscor-
ing the importance of an early warning. KOUN’s de-
piction of the rapidly evolving precipitation type in this
case led to greatly increased situation awareness and
likely resulted in several hours additional lead time in
upgrading to a heavy snow warning.

Polarimetric radar data also may be used to differ-
entiate between regions of snow dominated by dry crys-
tals and regions dominated by wet aggregates. These
different types of crystals have very different liquid
equivalents (Ryzhkov et al. 1998) for a given radar re-
flectivity factor, and the ability to discriminate between
them using polarimetric variables will improve the per-
formance of radar-based snow accumulation algorithms
and potentially aid in detecting conditions favorable for
hazardous aircraft icing. Such improvements may have
major benefits in water resource management, particu-
larly in areas dependent on seasonal snowmelt.

6. Benefits and other applications

Polarimetric radar data provided numerous benefits
to Norman, Oklahoma, WFO forecasters during
JPOLE. The explicit depiction of features such as hail
cores, tornadic debris, and heavy rain cores, which are
much smaller than the overall storm scale, frequently
aided in enhanced forecaster situation awareness. Per-
haps most importantly, identification of these very
small-scale signatures associated with dangerous
weather enabled forecasters to issue warnings, state-
ments, and graphical guidance for these events with
greater spatial and temporal precision and with a higher
level of confidence than ever before.

Other areas of research were too nascent during
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JPOLE to be tested operationally, but also show po-
tential benefit to the operational community. A small
number of observations suggest that the melting hail
associated with wet microbursts has an identifiable po-
larimetric signature (Scharfenberg 2003). The water-
coated, melting hail aloft in wet microbursts has a clear
signature of enhanced Z, lowered ZDR and �hv, and
very high KDP. Microbursts produced by severe thun-
derstorms are a difficult warning problem, and such a
signature may provide additional warning lead time. In
addition, the microphysical evolution near the upshear
flank of supercell thunderstorms is being carefully scru-
tinized to determine if these data may be used to de-
lineate between tornadic and nontornadic supercells.
Further, polarimetric data input into storm-scale mod-
els may prove helpful in modeling the behavior of su-
percell convection (Weygandt et al. 2002).

Improvements to radar data quality, including the
discrimination of nonmeteorological echoes, are ex-
pected to have a wide-ranging impact. For example,
many users (aviation and others) want a radar display
showing only meteorological echoes. The HCA shows
great skill in discriminating the presence of nonmeteo-
rological echoes such as anomalous propagation, birds,

and insects (Schuur et al. 2003a); ground and sea clutter
(Ryzhkov et al. 2002); and chaff (Zrnić and Ryzhkov
2004). Successfully identifying the presence of birds
would allow these scatterers to be removed from veloc-
ity azimuth display (VAD) wind profiles, thus eliminat-
ing a frequent source of contamination. Partial beam
blockage in heavy precipitation often has unwanted ef-
fects on radar reflectivity. Differential phase measure-
ments from polarimetric radar may be used to quantify
these effects and correct the displayed reflectivity field.

The ability to discriminate nonmeteorological scat-
terers is well illustrated by the case of 6 February 2003.
On that date, a band of snow was moving across north-
ern Oklahoma. A region of echoes that had similar Z
characteristics appeared in southwestern Oklahoma
(Fig. 8). The polarimetric data revealed these echoes
were not meteorological; �hv values were considerably
lower and ZDR considerably higher than in the snow
echoes. These echoes were found to be the result of
chaff released upstream.

7. Concluding remarks

Data delivered to the National Weather Service
Weather Forecast Office (WFO) in Norman, Oklaho-

FIG. 7. (a) Reflectivity (Z, left), differential reflectivity (ZDR, center), and correlation coefficient (�hv, right) images from the KOUN
polarimetric WSR-88D, at 2141 UTC 24 Feb 2003. An area of enhanced Z is associated with high ZDR and low �hv. A weather spotter
is located at the location marked with the arrows. Data height is approximately 2-km ARL (125 km at 0.5° elevation angle). (b) As in
(a) but at 2333 UTC.
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ma, during the Joint Polarization Experiment (JPOLE)
demonstrated the ability of a polarimetric WSR-88D
radar to 1) improve radar rainfall estimation, 2) accu-
rately discriminate hydrometeor type and identify non-
meteorological scatterers, and 3) improve data quality.
Polarimetric radar can be a major asset to operational
meteorologists on a national scale and benefit users in
a variety of other fields.

A final goal of JPOLE was to provide research and
analysis that could be used to conduct a cost–benefit
study and to demonstrate the economic benefits pro-
vided by a potential national network of polarimetric
WSR-88D radars. The possible economic benefits of
such a network are substantial, and a number of indus-
tries can benefit from polarimetric radar. For example,
improved detection of nonmeteorological echoes has
the potential to greatly enhance data quality and im-
prove rainfall accumulation estimates, aiding hydro-
logic interests. Improved detection of precipitation type
may benefit transportation administration capabilities
(through, e.g., airspace recovery times and highway clo-
sures).

Feedback from operational users will be an integral
part in developing this rapidly emerging technology.
On evaluation forms, WFO forecasters strongly agreed
polarimetric data were a valuable addition to opera-
tions (Schuur et al. 2003b). The polarimetric QPEAs
received particularly high marks, and in several cases,
forecasters said these algorithms were used specifically
in the decision not to issue flash-flood warnings in re-
gions where the traditional R(Z) rainfall accumulations
were incorrectly inflated. Several forecasters used ZDR

to identify regions of enhanced hail threat and areas of

supercooled water above the melting level in convec-
tive updrafts. Forecasters showed a great deal of con-
fidence in the HCA output, particularly regarding the
discrimination between rain and hail, and between pre-
cipitating and nonprecipitating scatterers.
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FIG. 8. Reflectivity (Z, left), differential reflectivity (ZDR, center), and correlation coefficient (�hv, right) from the KOUN polari-
metric WSR-88D, at 2343 UTC 6 Feb 2003. Echoes over the northern half of the radar range are the result of light snow, while
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the center of the image are ground clutter. Data height at the chaff cloud is approximately 3-km ARL (165 km at 0.5° elevation
angle).
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Zrnić, D. S., and A. V. Ryzhkov, 1999: Polarimetry for weather
surveillance radars. Bull. Amer. Meteor. Soc., 80, 389–406.

——, and ——, 2004: Polarimetric properties of chaff. J. Atmos.
Oceanic Technol., 21, 1017–1024.

——, ——, J. Straka, Y. Liu, and J. Vivekanandan, 2001: Testing
a procedure for automatic classification of hydrometeor
types. J. Atmos. Oceanic Technol., 18, 892–913.

788 W E A T H E R A N D F O R E C A S T I N G VOLUME 20


