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1. INTRODUCTION

On 20 June 2015, an intense supercell thunderstorm
with hail to at least 15 cm in diameter (Fig. 1) impacted
western South Dakota in the vicinity of Nisland. The
storm produced widespread damage to vehicles, homes
and businesses, with news reports of hailstones penetrat-
ing the shingle roofs of homes and the metal roofs of barns
(Fig. 2). The storm occurred within 100 km of the KUDX
WSR-88D (located near Rapid City). This study exam-
ined the character and evolution of the Nisland supercell
hailstorm as seen by KUDX, in terms of overall storm in-
tensity and a variety of dual polarization (DP) parameters.

2. DATA AND METHODS
a. Hailstone observations

There were six reports of large hail in or near Nisland
(Fig. 3) between 0200 UTC and 0230 UTC in the Storm
Prediction Center’s log of storm reports (Storm Prediction
Center 2015), with five of the six reports >6 cm in diam-
eter and three reports >11 cm in diameter (Table 1). As
is often the case with hail reports received from the gen-
eral public, there were errors with the times for four of
the reports based on refectivity data from KUDX (this is a
well-known problem; Witt et al. 1998b; Blair et al. 2011).
When necessary, the report times were adjusted using the
0.5° KUDX scans of reflectivity Z, differential reflectivity
Zpr and copolar correlation coefficient pyy to produce a
radar-based best estimate for the time when the hail obser-
vation most likely occurred.

b. Radar-based parameters

Storm intensity was assessed via three radar parameters.
The two velocity-based parameters were derived from the
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radial velocity data, with the reflectivity parameter deter-
mined after “mapping” the radial reflectivity data to a 3D
latitude-longitude-height grid at a resolution of 0.01° x
0.01° x 1.0 km (Lakshmanan et al. 2006). The reflectivity-
based parameter examined was the maximum expected
size of hail (MESH; Witt et al. 1998a; Lakshmanan et al.
2007). The two velocity-based parameters examined were
the maximum storm-top divergent outflow (STD; Witt and
Nelson 1991) and maximum mid-altitude rotational veloc-
ity (MRV; Witt 1998), with mid-altitude being 3—11 km
above radar level (ARL). The equations for STD and MRV
are:

STD = VDmax - VDmin (1)
MRV = (VRmax - VRmin)/2 (2)

where Vppin and Vp,,y are the peak inbound and outbound
velocities in the storm-top divergent signature, and Vg,
and Vg,qyr are the peak inbound and outbound velocities in
the mid-altitude rotation signature within the storm. To
focus the calculation of MRV on rotation versus diver-
gence, the line connecting the locations of Vg, and Vgyax
needed to be more perpendicular than parallel to the radar
viewing direction [i.e., have an angle >45°; see section
4.7 in Brown and Wood (2007)]. To minimize errors in
the calculation of STD and MRV, only manually-dealiased
radial velocity data with corresponding reflectivity > 15
dBZ and spectrum width < 13 m s~! were used. To avoid
use of unreliable data, an additional criterion was that a
candidate velocity have sufficient spatial continuity with
neighboring velocities on the same elevation scan, defined
here as at least one adjacent velocity value within 5 m s~!
of the candidate velocity value. In the calculation of STD,
to reduce the altitude difference between Vp,,;, and Vpax,
Vbmin could come from either the same or higher elevation
scans as Vpyqy. Parameter Vp,,;, at higher elevation scans
(than Vp,4y) was primarily used to minimize the height
difference between it and Vp,,,, (so that the STD calcula-
tion was as close as possible to measuring horizontal di-
vergence).
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TABLE 1. List of the six severe hailstone reports and associated HSDA observations, with SH indicating small hail and GH indicating giant hail.

Report Radar-based SPCreported  Latitude
nbr time (UTC) time (UTC) @)

1 0208 0213 44.77

2 0213 0230 44.67

3 0215 0210 44.67

4 0220 0220 44.65

5 0220 0220 44.67

6 0226 0230 44.6

Longitude Size HSDA  Distance to nearest
©) (mm)  result GH area (km)
-103.59 44 GH 0

-103.59 64 SH 1.9

-103.55 114 SH 1.4

-103.5 152 SH 33

-103.47 114 SH 45

-103.43 70 SH 9.7

The low-altitude DP data above the locations of the hail
reports were examined as the storm passed over these lo-
cations. The DP data analyzed included Z, Zpg, pny, and
specific differential phase (Kpp) (see Kumjian 2013, for a
description of the polarimetric radar variables). Measures
of these variables on the lowest elevation scan (0.5°) were
calculated using the median value of the eight radar bins
within a 1° x 1 km window centered on the location of
the hail report. Given an update rate of ~3 min for the
lowest elevation scan (KUDX was scanning in Volume
Coverage Pattern 212 combined with one supplemental
0.5° intra-volume elevation scan), it was sometimes nec-
essary to extrapolate the position of the 1° x 1 km win-
dow based on storm motion to the closest scan, in time, to
when the storm core passed over the location of the hail re-
port. Also examined was the hydrometer classification al-
gorithm (HCA; Park et al. 2009) indication of hydrometer
type from the 0.5° elevation scan for the six hail reports.
This classification included the new hail size discrimina-
tion algorithm (HSDA; Ortega et al. 2016) categories of
small hail (SH; <25 mm), large hail (LH; 25-50 mm) and
giant hail (GH; >50 mm).

A series of mid-altitude polarimetric signatures were
also examined. These included Z, Zpr, puv, Kpp and
depolarization ratio (DR), along with commonly observed
volumetric signatures such as Zpr and Kpp columns as in
or similar to Snyder et al. (2015). In addition, several ex-
perimental fields were produced and examined. The fields
included Zpr and ppv at —10°C, —20°C, —30°C, and
—40°C. From these, swaths of minimum and maximum
Zpr and pyy at these discrete temperature levels and in
the —20°C to —40°C layer were created.

3. RADAR OBSERVATIONS
a. Character and evolution of storm intensity

The first radar echo of the Nisland hailstorm (as seen
from KUDX) occurred at 2030 UTC over SE Montana (lo-
cated 306° and 373 km from KUDX). Given an environ-
ment supportive of rapid thunderstorm growth (Fig. 4), the
storm quickly strengthened, with MESH increasing to 5
cm at 2051 UTC. The overall storm intensity, as measured

by MESH, stayed around this magnitude as the storm
propagated east-southeastward toward South Dakota, with
MESH oscillating between 3—7 cm. As the storm ap-
proached the Montana/South-Dakota border around 0030
UTC (at a distance ~160 km from KUDX), MESH was
~5 cm, MRV was ~30 m s~ ! and STD was ~90 m s~!
(Fig. 5). From 0031 UTC to 0045 UTC, there was a no-
table increase in STD from 90 m s~! to 110 m s~!. This
preceded a sharp increase in MESH from 5 cm at 0044
UTC to 11 cm at 0056 UTC. Unfortunately, during the pe-
riod of maximum MESH ~11 cm from 0053-0104 UTC,
it was not possible to accurately measure STD or MRV
due to range-folding impacting the velocity data. How-
ever, shortly after the peak in MESH of 11.5 cm at 0104
UTC, an STD of 120 m s~! was observed at 0106 UTC
(Fig. 5). Following the peak in MESH and STD, there was
a large decrease in MESH to a minimum of 3 cm at 0140
UTC, with a more modest decrease in STD to 93 m s—!
at 0132 UTC. Thereafter, another large increase in MESH
and STD ocurred, with peaks of 10.7 cm at 0204 UTC
for MESH and 138 m s~! at 0214 UTC for STD. These
peaks in MESH and STD ocurred shortly before the pe-
riod of maximum reported hail size (Table 1). Although
there were significant variations in MESH and STD from
0020-0230 UTC, MRV maintained a quasi-steady magni-
tude of 25-35 m s~! throughout the time period. However,
the maximum MRV of 35.6 m s~ ! at 0219 UTC did occur
at the same time as the maximum reported hail size of 15
cm.

b. Low-altitude dual-polarization observations

The relationship between the low-altitude DP observa-
tions (from the 0.5° elevation scans) and the hail reports
were examined for Z, Zpr, puv, and Kpp. The results
show that the hail reports were associated with moder-
ate to high Z (>54 dBZ), low Zpr (<2 dB), and low-
to-moderate pyy (0.87-0.94) and Kpp (0.4-2.3° km™)
(Fig. 6), with no apparent differences for hail sizes of 4—7
cm versus 11-15 cm. At the time and location of the six
severe hail reports, the HCA/HSDA performed poorly, in-
dicating SH for the five giant hail reports and GH for the
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FIG. 1. Photographs of huge hailstones from the Nisland supercell.

one large hail report (Table 1). However, for the five gi-
ant hail reports, GH was identified within 10 km of each
report location.
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FIG. 2. Photograph of a hole in the roof of a house impacted by the
Nisland supercell.
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FIG. 3. Geographic locations (black numerals) of the six severe hail
reports in the vicinity of Nisland. See Table 1 for more details.

¢. Mid-altitude dual-polarization observations

Large hail tends to grow near strong updrafts, and the
growth of large hail and/or the presence of hail of a par-
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FIG. 4. RAP sounding at 0000 UTC 20 June 2015.

ticular size may give rise to two polarimetric signatures in
the mid-altitudes of intense hailstorms: an area of reduced
puv and a zone of negative Zpr of —1 dB to —2 dB aloft.
The Nisland supercell had both of these signatures before
and during the times of the large hail reports. Fig. 7 shows
the evolution of Z, Zpr and ppy from the 5.1° elevation
scans during a 26 min period between 0200 UTC and 0226
UTC. A well-defined bounded weak echo region (BWER)
is apparent in Z. An area of Zpr < —0.5 dB is observed
near and to the north and west of the BWER, though the
height at which these observations were made decreased
with time as the storm approached the radar. Also near
to the north and west of the BWER was an area of re-
duced ppy, at times dropping below 0.75 (e.g., at 0215
UTC). This appears to be very similar to the LoRB (low
puv on the left and rear edge of the BWER) discussed in
Snyder et al. (2013), itself similar to other observations in
hail-producing storms (e.g., Hubbert et al. 1998; Kennedy
et al. 2001).

Reconstructed vertical cross-sections from 0215 UTC
(Fig. 8) highlight a number polarimetric signatures com-
monly observed in supercells (e.g., Kumjian and Ryzhkov
2008). A Zpr column with maximum Zpgr >5 dB ex-

tends to a height of ~6 km above radar level (ARL), above
which Zpg intermittently ranges from around —2 dB to 3
dB through ~9 km ARL. Essentially collocated with the
Zpr column and negative Zpr region above the Zpr col-
umn is an area of pgy <0.95, with the minimum pgy in
this particular cross-section <(0.75 between approximately
5 km and 7 km ARL. The net result of the Zpr and pyv
signatures is a deep column of enhanced depolarization ra-
tio (DR; Ryzhkov et al. 2017), prominently featured from
nearly 3.5 km to 9 km ARL. There are at least two rea-
sonable hypotheses to explain the reduced ppy and nega-
tive Zpr near and above the Zpr column. First, it is pos-
sible that complex mixed-phase processes are producing
hydrometeors with exotic shapes or uncommon orienta-
tions. Unfortunately, in-situ observations of hail growth in
the updrafts of intense supercells are lacking. A second
possibility is that there is a large amount of hail approxi-
mately 6 cm in diameter, a size at which resonance effects
at S band may produce strongly negative Zpr. Regardless,
anecdotal observations by co-author J. Snyder indicate that
convective storms that produce such large hail commonly
have these polarimetric signatures aloft.
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FIG. 5. Time series of STD, MRV, and MESH for the Nisland hailstorm from 0026-0231 UTC. The gaps in the STD and MRV time series are due
to range-folding of the velocity data. The vertical black line indicates the time of the 15 cm hail report (0220 UTC).

Swaths or paths of polarimetric features of interest
(Fig. 9) between 0145 UTC and 0230 UTC show poten-
tially interesting patterns compared to the hail reports. For
example, a swath of reduced pyy at —20°C is noted very
near the Zpr column swath. Minimum pyy at —20°C oc-
curred to the east and southeast of Nisland, very near the
location of the giant hail reports. Minimum Zpr at —40°C
during this time period also shows some similarities with
the Zpr column and ppy swaths, though Zpgr less than
—0.5 dB showed up before and to the northwest of the
area of reduced pyy (the different altitudes between these
two products may explain some of this difference).

4. CONCLUSIONS

The damage potential and threat to life and property as-
sociated with a severe storm increases at a nonlinear rate
as the intensity of the storm increases. Hence, timely
identification and warning on the occurrence of extreme
severe-weather events, such as the extremely-large, dam-
aging hail produced by the Nisland supercell, is vital. In
that regard, during the time period 0—20 min prior to the 15
cm hailstone report, all three storm-intensity parameters
examined (MESH, MRV and STD) attained magnitudes
typically associated with a supercell capable of producing
giant hail (>10 cm in diameter). However, only the STD
suggested the potential for an extreme hail event, reaching
a maximum value of 138 m s~!, which is nearly double

the median maximum value of 72 m s~! from a dataset
of STD observations of storms producing giant hail (Blair
etal. 2011). It is also possible that the actual STD was un-
dersampled due to the coarser vertical resolution of VCP-
212 compared with higher resolution scanning strategies
often used by research radars (e.g., Witt and Kuster 2017;
Witt et al. 2018). Although not as extreme as the STD, the
mesocyclone midaltitude rotational velocity (MRV) maxi-
mum value of 35.6 m s~ was also notably higher than the
median value of 24.5 m s~! within storms producing giant
hail (Blair et al. 2011).

The low-altitude DP observations associated with the
six severe hail reports were generally consistent with pre-
vious studies of large hail at 10-cm wavelength, namely
high Z, low Zpgr, and low-to-moderate pyy and Kpp
(Payne et al. 2010; Picca and Ryzhkov 2012; Smyth et al.
1999; Snyder et al. 2014). At the time and location of the
six hail reports, the HCA/HSDA performed poorly, indi-
cating SH for the five giant hail reports and GH for the one
large hail report. The poor performance for the giant hail
reports is likely due to Zpr being higher at those locations
than the HSDA typically classifies for GH. However, for
all the giant hail reports, GH was identified in nearby areas
of the storm.

The Nisland supercell possessed several of the com-
monly observed mid-altitude polarimetric signatures asso-
ciated with hail-producing supercells. The supercell was
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FIG. 8. Reconstructed vertical cross-sections (left part of each panel) and 5.1° elevation scans (right half of each panel) showing (clockwise from
upper left) Z, Zpr, DR and pgy at 0215 UTC on 20 June 2015.

associated with a deep Zpr column that was topped by
a 2-3 km deep area of Zpr < —1 dB nearly collocated
with reduced pgy to <0.75. A preliminary analysis of
several derived polarimetric fields interpolated to a series
of temperature levels shows that the severe hail reports oc-
curred near areas of reduced pyy aloft and very near the
path of the updraft as one can infer from the Zpr column.
Much work remains in further assessing the effectiveness
of these products in nowcasting large and giant hail.
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