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ABSTRACT

Preliminary schematics of polarimetric signatures at low levels in southern plains classic supercells are
developed for pretornado, tornado, and tornado demise times from a small collection of cases, most of
which are cyclic tornado producers. Characteristic signatures and patterns are identified for the reflectivity
factor (Zyy), the differential reflectivity (Zpg), the correlation coefficient (py, ), and the specific differential
phase (Kpp). Signatures likely related to an ongoing tornado are also discussed. Major findings in Zyy at
tornado times include “wings” of higher values often extending away from the updraft region, a stronger
gradient on the west side of the echo appendage, and a local maximum at the storm location favorable for
tornadogenesis. Increasing cyclonic curvature of the hook-echo region was noted through the tornado life
cycle. The Z, tended to indicate hail shafts most commonly at tornado times, with the highest storm values
typically located along the storm’s forward flank throughout the tornado life cycle. A Z,g minimum often
occurred at the tornado-favorable location, while low Z, occasionally trailed the tornado region. Storm-
minimum p,, typically occurred at the tornado-favorable location at tornado times and in hail shafts or
heavy rain areas at other times. Another region of low correlation was the storm updraft, while the highest
storm correlation was typically found in the downwind light-precipitation shield. The K, typically exhib-
ited a storm-core temporal maximum at tornado times, with the highest storm values in regions of hail and
heavy rain and the lowest values in the downwind light-precipitation region. Values in the tornado-

favorable region were typically near zero and sometimes strongly negative.

1. Introduction and motivation

Supercell thunderstorms cause much damage and sig-
nificant loss of life, especially on the Great Plains of the
central and south-central United States. These long-
lived convective storms produce numerous hazardous
weather phenomena, most notably very heavy rain,
large hail, damaging straight-line wind, and tornadoes.
Nearly all long-lived tornadoes, and almost all strong-
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to-violent tornadoes, are produced by supercell thun-
derstorms.

Much research has been published containing con-
ceptual models of supercell structures using radar re-
flectivity. A multilayer conceptual model was first pre-
sented by Browning (1965; Fig. 1a) that showed the
evolution of the hook echo based on storms that struck
the Oklahoma City, Oklahoma, region. Lemon (1977)
presented a supercell model that showed the reflectivity
structure in two and three dimensions, including a core
of highest reflectivity just downwind from the cycloni-
cally rotating primary updraft and rear-flank downdraft
(the mesocyclone), an echo appendage extending south
and southwest from this region as precipitation wraps
around the intensifying mesocyclone, and decreasing
reflectivity downwind from the primary updraft. (Here,
“downwind” is defined as the direction in which a storm
feature embedded in the usually westerly midlevel
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FiG. 1. (a) The Browning (1965) model of supercell storm
characteristics at three levels, and hook-echo evolution. The
tornado occurs on the inside of the circulation producing the
hook echo. (b) The Brandes (1978) model of low-level mesocy-
clone structure and characteristics while a tornado is ongoing.
Features noted by Brandes include a tornado (T), primary storm
updraft (A), downdraft within the mesocyclone’s core or occlu-
sion downdraft (B), and possible location of a gust-front tornado
(C). Full wind barbs represent 10 m s~ '; half-barbs represent 5
ms~'. (c) The 1979 structural model of a tornadic supercell
published by Lemon and Doswell (1979). Features noted in-
clude the updraft (UD), FFD, RFD, and T. Radar-echo bound-
aries are encompassed by the thick line. Frontal symbols denote
the gust-front and “occlusion” structure of the storm. Stream-
lines are ground relative. (d) Tornadic-region characteristics of
the 20 May 1977 Del City-Edmond supercell through the tor-
nado life cycle, presented by Brandes (1981). Arrows represent
storm-relative low-level streamlines; hatched areas represent
rainy downdraft; stippled areas represent regions of high vertical
vorticity associated with the updraft. The region of high radar
reflectivity is outlined in black, and gust-front location is indi-
cated by a dashed line. The I denotes a region of upper-level dry
air at the pretornado time, while RDD represents the rear-flank
downdraft. The black dot in stages b, c, and d represents the
tornado location.
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storm-relative flow would move by advection to an
eastward location being viewed from the south.) Re-
flectivity in this downwind precipitation region often
exhibits extended areas of high values, giving the su-
percell a “winged” appearance. The mechanism pro-
ducing this appearance remains unknown.

Brandes (1978) published a conceptual model of low-
level mesocyclone structure during the tornadic phase
(Fig. 1b). His model shows a well-defined echo append-
age with storm inflow curving into the tornado region
from the southeast and east. In Brandes’s model, the
tornado is typically located at the tip of the hook echo
or inside the tip of the hook.

Lemon and Doswell (1979) presented a modified
conceptual model of a tornado-producing supercell
thunderstorm (Fig. 1c). Some additional features of this
model include forward- and rear-flank downdrafts
(FFD and RFD, respectively) and a flanking line of
convection. The forward-flank downdraft forms down-
wind (eastward) from the mesocyclone under the su-
percell’s precipitation shield, while the rear-flank
downdraft forms within the echo appendage (see also
Markowski 2002). A flanking line of convection, typi-
cally extending southwest from the storm and often
marked by young developing cells, indicates the leading
edge of RFD-associated outflow.

Brandes (1981) examined supercell structural evolu-
tion through the tornado life cycle. His Fig. 10 (shown
here as Fig. 1d) shows a region of dry upper-level air
intruding on the southwest side of the storm at the
pretornado time, under which a rear-flank downdraft
develops near the time of tornadogenesis. The swirling
component of the low-level flow is at maximum during
the mature stage. By the time of tornado dissipation in
our diagrams (shown later), the storm updrafts and me-
socyclones have considerably diminished because of a
lack of fresh, buoyant air from the low-level inflow. A
new updraft might form downstream from the previous
updraft and the tornado cyclone and tornadogenesis
process might begin again, as occurred in many of the
cases referenced herein.

Under different environmental conditions, different
types of supercells are known to form. Moller et al.
(1994) published the first unified description of the su-
percell spectrum. Rasmussen and Straka (1998) attrib-
uted some of this variability to the role of upper-level
storm-relative flow in redistributing hydrometeors.
Storms utilized in developing the schematics herein
were classic supercells (Moller et al. 1994).

Despite much work conceptualizing supercell struc-
ture (e.g., Doswell and Burgess 1993), this problem has
not been approached from the perspective of polari-
metric radar. The most significant work thus far using
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polarimetric data is by Ryzhkov et al. (2005), in which
some very preliminary polarimetric patterns are ob-
served in a few tornadic supercells, along with some
interpretations.

Dual-polarization Doppler radar, in which electro-
magnetic waves are transmitted and received with both
horizontal and vertical polarization, yields additional
information to that provided by single-polarization ra-
dars. Polarimetric data can be used to infer ongoing
microphysical processes within storms via a hydrome-
teor classification algorithm (HCA; e.g., Straka 1996;
Straka et al. 2000) and offer great promise for learning
more about supercell structure. However, no unified
polarimetric schematics of supercells have yet been
published or produced to the knowledge of the authors.
Thus, the goal of the current study is to develop pre-
liminary low-level, or approximately base-scan level,
polarimetric schematics of tornadic supercells on the
southern plains for four of the most commonly used
polarimetric variables (Zyy, Zpr, Kpp, and py,). In
cases from the Cimarron dual-polarimetric Doppler
radar (CIM), only two variables are examined (Zyy
and ZpR)-

A unified polarimetric schematic of supercell thun-
derstorms is needed because of the expected upgrade of
the current Weather Surveillance Radar-1988 Doppler
(WSR-88D) network to polarimetric capability starting
around 2009 or 2010 (D. Zrni¢ 2006, personal commu-
nication). National Weather Service (NWS) and private
sector forecasters looking at these data will benefit by
knowledge of supercell polarimetric signatures and
changes in the polarimetric variables through the su-
percell life cycle. Nowcasters may be able to more ac-
curately identify specific severe weather threats with
the storms, especially the presence of large hail and
tornadoes, primarily utilizing Z;y, Zpgr, Kpp, and p,,—
the available variables on the polarimetric WSR-88Ds
(D. Zrni¢ 2006, personal communication).

Our dataset is limited because of the dearth of tor-
nadic supercells observed with polarimetric radar
(seven storms on the southern plains of which we are
aware), which provides the basis for preliminary low-
level polarimetric schematics of these types of storms.
As the sample size is small, care must be taken to not
overgeneralize our results. As dual-polarization capa-
bility is installed in the WSR-88D radars in forthcoming
years, a more definitive climatology of signatures will
likely emerge, much as it did for reflectivity from the
1960s to 2000.

In section 2 we explain our definitions and describe
the methodology. Schematics for the southern plains
are presented in section 3. Concluding remarks and fu-
ture research are discussed in section 4.
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2. Terminology and methodology

Datasets used include tornadic supercell cases col-
lected by the Cimarron and Norman (KOUN) dual-
polarimetric Doppler radars. CIM (no longer opera-
tional) was located about 40 km west-northwest of Nor-
man, Oklahoma, and KOUN is located in Norman.
Details on the Cimarron radar can be found in Zahrai
and Zrni¢ (1993). Information about KOUN can be
found in Zrni¢ and Ryzhkov (1999) and Doviak et al.
(2000, 2002).

Low-level data were examined for this study; the low
levels were defined as the lowest- elevation angle avail-
able at each time of interest. When the lowest-elevation
scan was considerably contaminated by ground clutter
near a supercell/tornado or the supercell/tornado was
very close to the radar (<15 km), the next-higher scan
was used.

In the present study, seven storm cases were taken
from central Oklahoma, all of which produced torna-
does cyclically. Schematics developed from these cases
might also apply to the southern plains regions of east-
ern and central Texas, the Texas and Oklahoma Pan-
handles, and eastern Kansas. It has been found in gen-
eral that southern plains cases differ in some regards
from high plains cases, presumably because southern
plains supercells are generally “warm based” (cloud-
base temperatures of 7> 15°C), while high plains su-
percells are generally “cold based” (cloud-base tem-
peratures of T < 5°C), though there are exceptions.
Unfortunately, perhaps because climatology favors
fewer tornadoes on the high plains, thus far data have
only been collected from three high plains supercell
tornado cases that the authors are aware of. Prelimi-
nary schematics of these are not presented herein be-
cause of the small sample size, but they will be dis-
cussed in a forthcoming paper. Many similarities exist
among high plains storms, which are quite different
from southern plains storms.

Preliminary schematics developed in the present
study are divided into pretornado, tornado, and tor-
nado demise times. The pretornado time was defined as
approximately 12 to 15 min before the initial tornado
report, and was taken from the one to three low-level
scans nearest this criterion. Tornado times were de-
fined as those at which a tornado was reported to be
occurring by an observer. These were chosen based
both on the observations of scientists viewing the
storms and on the Storm Prediction Center (SPC)’s
storm report database. Tornado times reported in the
SPC database were found to be biased approximately 8
min late, although this bias may be less in central Okla-
homa (D. Burgess 2007, personal communication). Be-
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TABLE 1. Dates and sum number of times (volumes) of PTT,
TT, and TDT used for this study of southern plains storms.

Date No. of volumes
13 Jun 1998 12
5 Oct 1998 12
3 May 1999 14
8 May 2003 16
9 May 2003 25
24 May 2004 04
29 May 2004 30

cause of the potential bias, caution was used in defining
tornado times from the SPC tornado reports. Many
storms used in this study produced well-known and
well-documented tornadoes (e.g., storms on 3 May 1999
and 8-9 May and 9-10 May 2003), which aided in as-
suring the accuracy of chosen tornado times. A tornado
demise time was defined as the time of the low-level
radar scan temporally nearest observed tornado dissi-
pation. Case dates and number of volume or sector
scans used in the current study are presented in Table 1.
For each polarimetric variable at each time of interest,
notes and schematic drawings were constructed, allow-
ing compilation of the repeatable patterns worthy of
being reported herein. As only one previous study has
looked at polarimetric data of supercell tornadoes
(Ryzhkov et al. 2005), comparisons are frequently
made to these findings.

Regions of high (H), medium (M), and low (L) val-
ues were delineated for each variable in each case.
Many of the high, medium, and low values were chosen
based on thresholds presented in Straka et al. (2000),
while others were defined based on observational ex-
perience. After ranges of variables were delineated,
preliminary schematic drawings were created for the
southern plains at pretornado (PTT), tornado (TT),
and tornado demise (TDT) times for each polarimetric
variable. On these schematics, regions of H, M, and L
values are denoted, as well as areas denoted V, where
variability between cases was too great for a conclusion
to be drawn about typical values. A denotation of V in
a region of a supercell schematic does not mean the
region is completely devoid of a somewhat repeatable
pattern. Here, V (M/L) means the area is primarily a
mix of medium and low values, while V (H/M) means
the area is primarily a mix of high and medium values.
There were places without repeatable patterns, which
are indicated as V (H/M/L). A bold supercell outline on
the schematic drawings approximately represents the
20- dBZ reflectivity contour for the composite storm. In
the text, “schematic storm” refers to the preliminary
schematic drawing made for a given time period and
polarimetric variable.
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Preliminary schematics were constructed such that
repeatable, noted features were placed relative to the
storm’s updraft region. In future studies, further quan-
tification of these results may be helpful.

It is also important to note that these schematics
were developed from data of cyclically tornadic super-
cells. Fewer nontornadic cases exist, which were not
examined during the development of the schematics
presented herein. Therefore, caution is advised when
interpreting these schematics in the context of the tor-
nado life cycle. More nontornadic cases need to occur
and be analyzed relative to the tornadic cases before
strong conclusions can be reached about the differences
between tornadic and nontornadic storms, and before
we can state how robust the apparently tornado-
indicative signatures actually are.

3. Dual-polarimetric schematics at low levels for
tornadic supercells

In this section we develop low-level, dual-polari-
metric southern plains schematics of tornadic supercells
for four of the most commonly used polarimetric vari-
ables.

a. Reflectivity Z

Reflectivity (Zyy) is the component of radar energy
both transmitted and received with horizontal polariza-
tion, and it is familiar from the current WSR-88D net-
work. This variable represents reflection of a radar sig-
nal from hydrometeors and nonmeteorological scatter-
ers. For further discussion and caveats of this variable,
see Doviak and Zrni¢ (1993), Straka et al. (2000), or
Bringi and Chandrasekar (2001). An example of Zyy
data used to construct the schematics herein is pre-
sented in Fig. 2. Others are shown in the supplementary
material provided in an appendix online.

1) PRETORNADO TIMES

A well-defined hook echo was frequently found at
pretornado times, although it was often wider and less
cyclonically curved than at either tornado or tornado
demise times (Figs. 2, 3). At pretornado times, reflec-
tivity >50 dBZ was observed to cover much more of
the spatial area of the echo appendage than at tornado
times. A well-defined echo appendage, which is present
at all of the times studied in the supercell life cycle, was
not found useful in distinguishing whether a supercell
was in the process of producing a tornado, but it may
appear more cyclonically curved while a tornado was
ongoing or dissipating (Figs. 2, 3). The presence of the
hook echo, however, seemed quite useful in indicating
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the presence of a maturing or well-developed mesocy-
clone (e.g., Forbes 1981; Markowski 2002).

In addition, the descending reflectivity core (DRC;
Rasmussen et al. 2006) was also frequently found in the
echo appendages. The location of these at the times
considered is indicated on the reflectivity schematics
with a circle. The circle’s size corresponds to the ap-
proximate size of the DRC central region (Fig. 3),
though the size of the DRC depends on the reflectivity
threshold used to define it. While a study by Rasmussen
et al. (2006) found that isolated tornadic supercells gen-
erally had a DRC, a more comprehensive climatology
by Kennedy et al. (2007) showed the occurrence of a
DRC with isolated tornadic supercell storms to be less
frequent. Because of these studies we felt compelled to
indicate where this feature might be found. Though the
DRC is not shown with a reflectivity maximum in the
schematics, if one were to occur, reflectivity would be at
least 4 dB greater than in the surrounding hook echo
(and not resolved by the reflectivity-mapping thresh-
olds used in this paper). An increase in reflectivity in
the DRC relative to the surrounding hook-echo reflec-
tivity could be much more than 4 dB (Kennedy et al.
2007; Rasmussen et al. 2006).

Reflectivity maxima along the southern and northern
storm flanks were significantly less frequent and less
well defined than in the later tornado stages. Maxi-
mum reflectivity was typically concentrated just down-
stream from the primary storm updraft. The reflectiv-
ity gradient at the back edge of the echo appendage
was typically not as strong as at tornado times, at least
in the preliminary schematics developed from this
sample of storms (Figs. 2, 3).

2) TORNADO TIMES

During times of an ongoing tornado, a well-defined
hook echo was usually present, with high values of Z;y
(>50 dBZ) often extending south into the echo ap-
pendage (Figs. 2, 3). The appendage was typically thin-
ner than at pretornado times and often possessed
greater cyclonic curvature. A sharp reflectivity gradi-
ent, seen more often than at pretornado times, was fre-
quently located at its back (western) edge. Highest
storm reflectivity at low levels was typically located
downwind from the primary updraft and extended
northeast along the storm’s forward flank. Secondary
maxima in reflectivity extended northeast from this re-
gion along the storm’s northern flank, giving the reflec-
tivity pattern a winged or a butterfly appearance.

A cyclonic—anticyclonic rotational couplet at the tip
of some echo appendages, identified by reflectivity
showing paired vortices curling about their rotational
centers, was frequent at tornado times (an example can
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F1G. 2. Progression of reflectivity factor (Zy;) through a tornado life cycle in the 9-10 May 2003 supercell, which produced an F3
tornado during this time. Represented are (a) the pretornado time, (b) an earlier tornado time, (c) a later tornado time, and (d) the

tornado demise time.

be seen in Fig. 5b of the supplemental appendix avail-
able online). This feature was not observed during any
pretornado or tornado demise times in the current
study and seems indicative of a supercell in the tornadic
phase. During tornado times, regions of high reflectiv-
ity often extended prominently to the northeast away
from the primary storm updraft region (Figs. 2, 3).

It is believed that a reflectivity maximum associated
with a tornado might occur, as debris are lofted and
reflects energy back to the radar (Burgess et al. 2002;
Ryzhkov et al. 2005). Care must be taken as noted
above, since this reflectivity maximum could represent

the newly discovered DRC described by Rasmussen et
al. (2006). DRCs can be identified as descending-
reflectivity patterns in a series of PPI scans in the ver-
tical or three-dimensional images of storm reflectivity.
In addition, they occur prior to tornadogenesis and
therefore would not be associated with debris.

3) TORNADO DEMISE TIMES

At demise times, the supercell hook-echo region
tended to exhibit more cyclonic curvature than at any
other time (Fig. 3). Perhaps this occurs because the
hook echo and tornado are wrapped around the meso-



1238

~ M

Z

Fi1G. 3. Schematics of reflectivity factor (Zyyy) for the southern
plains at (a) pretornado times, (b) tornado times, and (c) tornado
demise times. Stippled areas represent low values (Zyy < 35
dBZ), hatched areas represent high values (Zyy > 50 dBZ),
blank areas represent intermediate values (35 dBZ = Zy = 50
dBZ), and checkerboard-filled areas represent variable regions.
Thick outline represents approximately the 20-dBZ reflectivity
contour.

cyclone, sometimes into the body of the storm (Fig. 3).
Highest storm Zy; was typically located just down-
stream from the primary updraft, as expected, although
a relatively thin filament of high values (>55 dBZ)
often extended well south into the hook echo. De-
tached regions of high reflectivity were often found
even farther away from the main storm body in the
hook echo (i.e., typically farther south).

Wings of high Zyy extending east and northeast
from the updraft were sometimes visible at tornado de-
mise times but were usually not as prominent a feature
as at tornado times. Also, at tornado demise times, the
back of the supercell (typically its west side) tended to
exhibit a lesser reflectivity gradient than at tornado
times. A maximum Zy gradient at the back of the
storm was observed while a tornado was ongoing (Figs.
2,3).

b. Differential reflectivity

Differential reflectivity (Zpg) is 10 times the base-10
logarithm of the ratio of the horizontal- to vertical-
reflectivity factor. Thus, it is a measure of how much
horizontally polarized energy is reflected compared to
the reflection of vertically polarized energy, and it gives
an estimate of the oblateness or prolateness of hydro-
meteors in the sample volume. This variable has shown
significant usefulness in hail detection (Herzegh and
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Jameson 1992; Doviak and Zrni¢ 1993; Straka 1996;
Straka et al. 2000; Bringi and Chandrasekar 2001) and
has real-time tornado-recognition potential (Ryzhkov
et al. 2005). An example of Zi data used to construct
the schematics herein is presented in Fig. 4.

1) PRETORNADO TIMES

Near-zero Zpgi collocated with high reflectivity was
used to infer the presence of low-level hail shafts in the
supercells studied (Straka 1996; Straka et al. 2000). At
pretornado times, this hail signature occurred much less
frequently than at tornado times (Figs. 4, 5). Medium
values (1-2 dB) often covered a larger area of the echo
appendage and extended more continuously to join a
large area of medium values typically located on the
northwest side of the schematic storm. High-forward-
flank Zpr was present, and well-defined inflow
maxima, although slightly less frequent, were about as
common as at tornado times (Figs. 4, 5).

2) TORNADO TIMES

A hail shaft, inferred from collocated high Zy; and
low ZpR, was identified in the lowest-available eleva-
tion angle more often at tornado times than at pretor-
nado times (Figs. 4, 5). This implied hail shaft was most
frequently located just downstream from the primary
updraft, in a location favored for the fallout of hail
(Moller et al. 1994). One might speculate that this pat-
tern change describes a storm updraft beginning to col-
lapse during the tornadogenesis and tornado stages.
This speculation is discussed further in a companion
paper.

Forward-flank values of differential reflectivity were
high in nearly all tornado and pretornado cases exam-
ined, with values typically exceeding 2-3 dB in this re-
gion (Figs. 4, 5). Values of Zy this high can indicate a
few large, oblate raindrops, especially when reflectivity
is not high (Straka et al. 2000). The forward flank tends
to be an area of inflow and updraft, and the presence of
high Z, in this region implies ongoing drop sorting
(Ryzhkov et al. 2005). Larger drops are able to fall
against storm inflow, while smaller drops are advected
into the storm. Thus, a region of sorted larger drops is
expected to develop along the storm’s forward flank,
leading to the observed high Zg.

A well-defined differential reflectivity inflow maxi-
mum, the base of a column of high Zg, was present at
a slightly greater percentage of tornado times than pre-
tornado times, but the relatively small difference was
not thought significant. The hook-echo region typically
contained medium values of Z,z (1-2 dB), though
larger values were not uncommon (Figs. 4, 5).

Ryzhkov et al. (2005) observe the occasional pres-
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F1G. 4. As in Fig. 2, but for differential reflectivity (Zpg).

ence of comma-shaped areas of high Z in the super-
cell inflow region. This pattern has been attributed to a
centrifuging effect of the low-level mesocyclone, caus-
ing larger drops to move outward in cyclonically curved
bands. It could also indicate storm inflow bands con-
taining large drops. These bands of large drops would
be visible to a radar operator as cyclonically curved
bands of high Z,. Such curved bands were not preva-
lent but did occur in several of the tornado cases ex-
amined (see the online supplemental appendix material
of actual radar data used to construct the schematics
herein).

As discussed in Herzegh and Jameson (1992), Zyr
can exhibit low values near the tip of the hook echo if

a tornado is present, since tumbling debris behave
much the same as large hail in that it tends to tumble
randomly and present roughly equal horizontal and
vertical surface areas to a scanning radar. Ryzhkov et
al. (2005) define a Zpk debris signature as a pixel con-
taining 45 dBZ < Zyy < 55 dBZ and Zp < 0.5 dB.
Such a signature was indeed found in at least 9 of the 12
southern plains tornado cases examined, and this sig-
nature was thought to be a good indicator of an ongoing
tornado. One case even exhibited the Zi debris sig-
nature when the tornadic region was approximately 100
km from the radar, perhaps (depending on the radar
beam path and therefore on atmospheric conditions)
indicating a rather tall and wide debris column. This



[, — low (< 1dB)

H' — high (>2dB)

—— variable

M Scale

M —med.(1-2dB)

FiG. 5. As in Fig. 3, but for differential reflectivity (Zpg).
Stippled areas represent low values (Zpr < 1 dB), hatched areas
represent high values (Z,i > 2 dB), blank areas represent inter-
mediate values (1 dB = Zr = 2 dB), and checkerboard-filled
areas represent variable regions. Thick outline represents ap-
proximately the 20-dBZ reflectivity contour.

Skm 10km

signature must be used with caution, since differential
attenuation of the horizontally and vertically polarized
signals could result in local Zr minima not associated
with tornadic debris. Therefore, confidence in an ongo-
ing tornado is increased when additional tornado-
indicative signatures are also present. Lower Zr has
been known to trail the tornadic region as lofted debris
are left behind (Ryzhkov et al. 2005).

3) TORNADO DEMISE TIMES

For reasons discussed above, high Z; (>2 dB) was
again located along the forward flank (Figs. 4 and 5) of
the schematic storm, with medium values (1-2 dB) typi-
cally just downwind from this region. Low-Z regions
in the storm core, collocated with high Z;; and asso-
ciated with hail shafts, occurred in a few cases but typi-
cally were not large or well defined and sometimes
were not present at all.

Extended regions of higher Z,i to the east in the
main storm were often present but were not typically as
well defined (Fig. 5) as at earlier times. In the hook-
echo region, Zi values typically were medium (1-2
dB) but could exhibit large regions with low values,
perhaps indicating the presence of residual tornado-
lofted debris.

c. Correlation coefficient

The correlation coefficient (p,,) is a measure of the
correlation between the horizontally and vertically re-
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turned radar signals at zero lag. Many factors affect the
correlation, such as the presence of particle mixtures,
the distribution of hydrometeor orientations, and the
irregularity of particle shapes (Straka et al. 2000). Ran-
domly tumbling irregular particles, for instance, would
have low values of py,,. This polarimetric variable has
been found useful in hail and tornado detection (Ryzh-
kov et al. 2005). The p,, data from the Cimarron radar
were used with caution, since a signal-processing error
caused p,,, to be negatively biased. Thus these data al-
lowed use only for a relative comparison of values, even
though the absolute magnitude of values is not correct
(Ryzhkov et al. 2005). For these reasons the data are
not shown. For further discussion of the correlation
coefficient, see Doviak and Zrni¢ (1993), Straka et al.
(2000), and Bringi and Chandrasekar (2001). An ex-
ample of p,, data used to construct the schematics
herein is presented in Fig. 7, discussed below.

1) PRETORNADO TIMES

Low pp, (<0.95) was typically associated with the
storm’s hail shaft, if one was present. Nearly all of the
cases with a hail shaft identified by collocated high Z
and low Zpi also had low p,, in the same location,
typically just downstream from the primary updraft.
Since hail shafts were found to be more prevalent using
Zyy and Zpg at tornado times than at pretornado
times, the presence of an area of low p,, associated
with large hail was less frequent at pretornado times
(Figs. 6, 7).

Low p,, values, though higher than those found in
hail shafts, occurred with heavy rain as identified by
collocated high Z;y and Z,g (Straka et al. 2000). Typi-
cal values of p, in heavy rain were 0.95-0.98. These
values could also be found in mixtures of rain and hail.
The location of this signature was consistent with the
theory of supercell structure, typically downstream
from and surrounding the hail region (Figs. 6, 7).

Highest low-level storm py,, typically >0.98 and
ranging up to ~1 (perfect correlation between horizon-
tal and vertical signals), was usually located in the large
light-precipitation region of the supercell, far down-
wind from the primary updraft (Fig. 7). In this region,
reflectivity typically was also low (<40 dBZ), indicating
lighter rain. Lighter rainfall is often composed of rela-
tively spherical droplets (Jameson and Beard 1982), al-
lowing correlation to be high (Straka et al. 2000).

2) TORNADO TIMES

Composite storms at tornado times were not easily
distinguishable from their pretornadic counterparts by
pnv- The hail and heavy rain regions, denoted by low
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FIG. 6. As in Fig. 2, but for the correlation coefficient (py,).

correlation, were in approximately the same locations
(Figs. 6, 7). Since a hail shaft was found to be more
common at tornado times, this low-correlation signa-
ture was more prevalent at tornado times. The region of
high p,, collocated with light rain may have been
slightly larger.

Outside the large hail and heavy rain regions, an-
other area of low p,,, was the updraft itself. Ryzhkov et
al. (2005) note that p, will be low in the updraft when
strong inflow produces a mixture of raindrops and light
debris such as leaves and grass. Such a depression of py,,
was seen in nearly all tornado cases examined. Ryzhkov
et al. suggest the magnitude of the p,, depression and

its vertical extent might be useful as a means of evalu-
ating updraft strength.

Low py, is theorized to occur with the tornado vortex,
since the horizontally and vertically received signals in
tumbling, randomly shaped debris and particles will not
be closely related. Ryzhkov et al. (2005) define a p;,
debris signature as a pixel containing 45 dBZ < Zyy <
55 dBZ and p,, < 0.8. For the Cimarron cases, since a
signal-processing error affected py,, values, this thresh-
old was lowered to 0.6. Such a signature was found in
the supercell’s tornado-favorable location in several of
the tornado cases examined. In most cases, this region
contained the lowest p,, in the entire supercell, usually
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Fic. 7. As in Fig. 3, but for the correlation coefficient (py,).
Stippled areas represent low values (p,, < 0.95), hatched areas
represent high values (p,, > 0.98), blank areas represent inter-
mediate values (0.95 = p,,, = 0.98), and checkerboard-filled areas
represent variable regions. Thick outline represents approxi-
mately the 20-dBZ reflectivity contour.

<0.75 and sometimes =0.4. Values as low as 0.2 have
even been reported from the raw radar data in the 8
May 2003 tornado case (Ryzhkov et al. 2005). Worthy
of note, two cases not exhibiting such a signature were
the two most distant from the radar (>70 km away), so
the radar beam may have passed above any debris col-
umn. It is theorized that the p,,, debris signature will not
be as prevalent if the tornado is moving over an area of
low debris availability and if the tornado is weaker.
Ryzhkov et al. (2005) indicate a lower strength limit of
F3 for this and other polarimetric tornado signatures to
be well defined, although we hypothesize the existence
of a spectrum of tornado signature strengths rather
than the presence or absence of such signatures. An-
other necessary consideration is the typically shorter
life of weaker tornadoes, inferred by their much shorter
average pathlengths (Brooks 2004); a tornado with a
short life is less likely to be sampled.

3) TORNADO DEMISE TIMES

Major differences existed between the cases in all
supercell regions, so the composite storm was com-
pletely designated as having high variability (Fig. 7). A
majority of cases, however, did contain lower py, just
downwind from the primary updraft in the region fa-
vored for hail and large raindrops, as seen previously
(Fig. 6). More data would have to be obtained to as-
certain whether an anomalous case, which had high val-
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ues (>0.98) in the same region, was representative of
some supercells going through tornado demise or if it
was truly an outlier.

4) SUPERCELL WAKE REGION

Ryzhkov et al. (2005) define the supercell “wake”
signature as an area trailing a supercell with Zyy < 30
dBZ, p,, < 0.7, and average Zi between 1 and 2 dB.
They attribute this signature to the residual presence of
light debris lofted in the supercell’s wind field. (The
reader is referred to their paper for an excellent discus-
sion of why lofted debris is the most likely source of the
supercell wake signature.) Tornadic debris could result
in such a signature, as could any other light debris that
could be lofted by even a nontornadic storm (e.g., grass
or leaves). Of our tornado cases, two strongly exhibited
this signature, while two additional cases only margin-
ally exhibited it (Fig. 8). Three negative cases were dis-
tant from the radar (>70 km; including the 24 May 2004
storm, which only produced weak, short-lived torna-
does), and the region of the wake signature would have
been even more distant and behind the storm. It is
speculated that the presence of such a signature is prob-
ably difficult at best to ascertain when the storm is dis-
tant (>60 km) from the radar. We speculate that the
supercell wake signature would increase following a
tornado, or following an increase in the near-storm
wind field. It may be useful to investigate potential op-
erational significance of this signature.

d. Specific differential phase

Specific differential phase (Kp) is a local measure of
phase shift caused by a radar beam’s interception of
scatterers, causing a change in the phase angle of the
transmitted signal’s electric field vector. Each transmit-
ted signal polarization is scattered differently by a given
collection of hydrometeors (unless all are spherical), so
the change in phase angle will vary among different
signal polarizations. This differential phase change is
measured by the radar as ¢pp, the differential phase
shift. From ¢pp, Kpp is calculated by taking the differ-
ence of ¢pp over a given range. Greater liquid water
content and anisotropy of scatterers produce greater
differential phase shifts and therefore higher K val-
ues. This variable is potentially useful in determining
the presence of hail and can be helpful in raising now-
casters’ confidence in the presence of an ongoing tor-
nado. Unfortunately, Kp was not collected or calcu-
lated in the same way for the Cimarron cases, so these
are not included. For further discussion of specific dif-
ferential phases, see Doviak and Zrni¢ (1993), Straka et
al. (2000), Bringi and Chandrasekar (2001), and Jame-
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FiG. 8. Example of a supercell wake signature showing (a) reflectivity factor, (b) radial velocity, (c) differential reflectivity, and (d)
correlation coefficient. Region of the wake signature is inside the black oval. In the wake signature, Zyy is low (<30 dBZ), Z is
intermediate (1-2 dB), and p,,, is low (<0.7).

son (1985). An example of K,p data used to construct
the schematics herein is presented in Fig. 10, described
below.

1) PRETORNADO TIMES

At pretornado times, the supercells that were exam-
ined exhibited a similar spatial pattern of high and low
values. Temporally, however, there were differences.
One pretornadic case had a temporal maximum, one
had a temporal minimum, and two had no discernible
trend. This lack of a clear Kpp temporal signature
seems characteristic of the pretornado cases examined.

Also characteristic of the pretornado times was the
presence of medium Kpp (typically 0.25°-2° km™ 1)
along the back side (northwest) of the composite storm,
whereas at tornado times Kpp was typically <0.25°
km ! in the same region (Figs. 9, 10). We cannot easily
speculate about the meaning of this difference—per-

haps it is caused by evaporation of hydrometeors due to
ingestion of dry air near the tornado time, producing
smaller (and more isotropic) average hydrometeors.

2) TORNADO TIMES

At tornado times, there was a temporal Kp maxi-
mum downwind from the primary updraft in the
storm’s reflectivity core more often than at pretornado
times. As expected, low values (<0.25° km ') were lo-
cated in the large region of light precipitation down-
wind from the main storm core (Fig. 10). High values
(>2° km ') typically were located in the same region as
the hail shaft identified by collocated high Z;; and low
Zpg, just downwind from the primary updraft (Fig. 9).
Extended regions of higher K values, similar in char-
acter to the previously described reflectivity factor
wings, were present more often at tornado times.

Particular care is necessary when using Kpp in the
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F1G. 9. As in Fig. 2, but for specific differential phase (Kpp).

echo-appendage region. Since this variable is calculated
as the rate of change of ¢pp (differential phase shift)
over a given range, potential problems exist in the Kpp
estimation for small ranges. If ranges that are too small
are used, Kpp values will be unreliable. In the echo
appendage and tornado regions, data in some range
gates might be rejected because of debris contamina-
tion or only a small number of gates may be available
for the calculation. Therefore, Kp signatures poten-
tially related to an ongoing tornado should be viewed
with caution. Observations made when the tornado re-
gion is embedded within the echo appendage are more
likely correct, although they are still suspect because of
the effect of potentially rejected data.

In the Mie regime, scattering off particles much
larger than the radar wavelength can lead to negative
Kpp values (Ryzhkov et al. 2005). Typical wavelengths
for the Doppler radars used to collect these cases are on
the order of 10 cm (10-11) and many tornado debris
particles are significantly larger than this value. Values
of Kpp < 0° km™! are therefore possibly associated
with a tornado vortex in the hook-echo tip. About one-
half of the cases for which Ky, was collected during
tornado times showed significantly negative values as-
sociated with the tornado vortex, while the other cases
showed values near 0° km™~'. No cases showed signifi-
cantly positive Kp, which was prevalent in the general
tornado region. Thus, the presence of an area of signifi-
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F1G. 10. As in Fig. 3, but for specific differential phase (Kpp).
Stippled areas represent low values (Kpp < 0.25° km™!), hatched
areas represent high values (Kpp > 2° km™1), blank areas repre-
sent intermediate values (0.25° km™'= Kpp = 2° km™'), and
checkerboard-filled areas represent variable regions. Thick out-
line represents approximately the 20-dBZ reflectivity contour.

cantly low Kp,p in the supercell’s tornado-favorable lo-
cation seems a potentially useful diagnostic of ongoing
tornado activity, although caution must be used in in-
terpreting this signature as described above. This sig-
nature should be less in areas with low availability of
larger debris particles. Tornado strength may not sig-
nificantly change this effect as long as the tornado is
picking up sufficiently large debris to the elevation of
the radar beam. Thus the effect may become greater as
the tornado approaches the radar, since the size sorting
of debris should occur in the tornado vortex as lighter/
smaller debris are lofted to greater altitudes (Dowell et
al. 2005). One case, because of data contamination or
the presence of tornado debris, showed a well-defined
Kpp minimum with a tornado nearly 100 km from the
radar.

3) TORNADO DEMISE TIMES

At tornado demise times, high Kjpp (>2° km™!) was
typically present in a small region to the north of the
primary updraft, somewhat into the main storm (Fig.
10). This local Kpp maximum could indicate the pres-
ence of hail and heavy rain in this area. Low Kpp
(<0.25° km ') was present in the large region of small
drops far downwind from the primary updraft (Fig. 9).
This was expected, since small drops do not attenuate
radar energy as significantly as large drops and hail.
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Between these regions of high and low values, interme-
diate values (0.25-2° km ') were found.

Extended regions of high Kyp were occasionally
present, although they varied from highly conspicuous
to nonexistent. Their strength seemed somewhat pro-
portional to the strength of similar extended regions of
high Zyy. In the hook echo, low-to-medium Kpp (<2°
km ') was present. Well-defined and strong K, mini-
mums associated with tornado debris were not typically
found at tornado demise times. Otherwise, Kpp pat-
terns seemed quite variable between the small number
of available cases (Fig. 10).

4. Conclusions and further research

Our work is limited by the small number (seven) of
available polarimetric datasets of tornadic supercells
and would be much more robust if many additional
cases existed. This will be possible when dual-polari-
metric capability is available in a large number of WSR-
88D radars in the next decade. Despite this limitation,
some conclusions have been reached. The reflectivity
factor, Zyy, at tornado times tended to display a thin-
ner and more cyclonically curved echo appendage and
extended regions of higher reflectivity reaching north-
east away from the primary updraft region. Occasion-
ally, a stronger reflectivity gradient was present on the
west side of the echo appendage, and a cyclonic—anti-
cyclonic couplet was visible as swirls in the reflectivity
field at the tip of the hook echo. A local reflectivity
maximum was often located at the supercell’s tornado-
favorable location. At pretornado times, the Zy, field
tended to show a wider, less cyclonically curved echo
appendage with a greater percentage of the echo ap-
pendage exhibiting reflectivity >50 dBZ. At tornado
demise times, the hook echo exhibited the greatest cy-
clonic curvature, and regions of high Zyy; often ex-
tended well south into the hook-echo region. Occasion-
ally, a region of low Zyy and py,, with Zpi averaging
1-2 dB was observed trailing a supercell, likely caused
by residual light debris picked up in the supercell’s wind
field.

The differential reflectivity Z,r showed hail shafts,
implied by high Zy collocated with low Zyg, most
often at tornado times. Highest storm values were typi-
cally located along the storm’s forward flank in the pri-
mary storm inflow region. Cyclonically curved bands
containing high Zyg, produced by large drops, occa-
sionally occurred near the low-level mesocyclone at tor-
nado times, and a Z i minimum frequently occurred at
the tornado-favorable location. At pretornado times,
Zpr did not typically show significant differences from
tornado times, although values of 1-2 dB tended to
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more conspicuously extend from the echo appendage to
join a large area of medium values along the northwest
side of the supercell. At tornado demise times, hail
cores associated with regions of low Zypr downwind
from the mesocyclone were less common and conspicu-
ous. Low Zy, possibly associated with residual tor-
nadic debris, was sometimes found in the hook echo.

Storm minimum p,,, the correlation coefficient, was
frequently reached in the vicinity of a tornado at tor-
nado times. The next-lowest correlation values (and
lowest values at pretornado times) were usually located
in implied hail shafts, with slightly higher values in sur-
rounding areas of heavy rain. Low values were also
typical in the storm updraft, caused by a mixture of
raindrops and light debris. At all times, the highest cor-
relation tended to occur in the light-precipitation shield
well downwind from the primary storm updraft. The py,,
field was not significantly different between tornado
and pretornado times. At tornado demise times, the py,,
field was characterized by high variability, but this
could be a result of the small sample size.

Values of Kpp, or the specific differential phase, in
the storms in which it was available tended to lack any
temporal trend at pretornado times, although at tor-
nado times there typically was a temporal Kj,p maxi-
mum in the storm reflectivity core. Values were rela-
tively low in light- precipitation regions and higher in
the storm reflectivity core. A pronounced region of
negative values, because of Mie scattering off large de-
bris particles, was sometimes associated with the tor-
nado, and values near the tornado never averaged sig-
nificantly higher than zero. Ki,p was, as expected, found
to be roughly proportional to Zyyy. This proportionality
was responsible for the increased frequency of ex-
tended regions of high Kp at tornado times. The only
significant spatial difference in Kyp between tornado
and pretornado times was the presence of lower-
average values along the northwest side of the storm at
tornado times. Tornado demise times exhibited similar
patterns, although the areas of strongly negative values
associated with a tornado at tornado times were not
found.

We hope to run a hydrometeor classification algo-
rithm on the southern plains low-level polarimetric
data, which should allow a more thorough understand-
ing of typical precipitation distribution and processes in
these storms.
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