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ABSTRACT

Hourly maximum fields of simulated storm diagnostics from experimental versions of convection-
permitting models (CPMs) provide valuable information regarding severe weather potential. While past
studies have focused on predicting any type of severe weather, this study uses a CPM-based Weather Re-
search and Forecasting (WRF) Model ensemble initialized daily at the National Severe Storms Laboratory
(NSSL) to derive tornado probabilities using a combination of simulated storm diagnostics and environ-
mental parameters. Daily probabilistic tornado forecasts are developed from the NSSL-WRF ensemble using
updraft helicity (UH) as a tornado proxy. The UH fields are combined with simulated environmental fields
such as lifted condensation level (LCL) height, most unstable and surface-based CAPE (MUCAPE and
SBCAPE, respectively), and multifield severe weather parameters such as the significant tornado parameter
(STP). Varying thresholds of 2-5-km updraft helicity were tested with differing values of ¢ in the Gaussian
smoother that was used to derive forecast probabilities, as well as different environmental information, with
the aim of maximizing both forecast skill and reliability. The addition of environmental information improved
the reliability and the critical success index (CSI) while slightly degrading the area under the receiver op-
erating characteristic (ROC) curve across all UH thresholds and o values. The probabilities accurately re-
flected the location of tornado reports, and three case studies demonstrate value to forecasters. Based on
initial tests, four sets of tornado probabilities were chosen for evaluation by participants in the 2015 National
Oceanic and Atmospheric Administration’s Hazardous Weather Testbed Spring Forecasting Experiment
from 4 May to 5 June 2015. Participants found the probabilities useful and noted an overforecasting tendency.

1. Introduction Done et al. 2004; Weisman et al. 2008), and provide
unique guidance using hourly maximum fields of simu-
lated storm diagnostics (Kain et al. 2010). Spring fore-
casting experiments (SFEs) taking place in the National
Oceanic and Atmospheric Administration’s (NOAA)
Hazardous Weather Testbed (HWT) examine how well
experimental CPMs can provide guidance to forecasters
(Clark et al. 2012a). At the SFEs, researchers and fore-
casters discuss forecaster needs and current capabilities
of CPMs, fostering greater understanding between the
research and operational communities. Input from fore-
Corresponding author address: Burkely T. Gallo, National Weather casters to the research community allows for subjective
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High-resolution convective-permitting models (CPMs)
are increasingly part of an operational forecaster’s severe
weather toolbox (Fowle and Roebber 2003; Weiss et al.
2006; Coniglio et al. 2010; Sobash et al. 2011; Clark et al.
2012a; Schwartz et al. 2015). These CPMs generally have
grid spacing of 4km or less, allowing them to represent
bulk properties of convective circulations, skillfully dif-
ferentiate convective modes (Fowle and Roebber 2003;
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Murphy (1993) discusses three types of “goodness”
that a forecast can possess: 1) the agreement between the
forecast and the forecaster’s conceptual model (‘“‘consis-
tency”), 2) the correspondence between the forecast and
observations (“‘quality”), and 3) the usefulness of the
forecast to the end user (“value”). While objective mea-
sures assess the quality of the probabilities, feedback from
SFE participants helps to improve the consistency of the
probabilities, as well as the value of the probabilities to the
forecaster. As tools for the forecaster, guidance should be
consistent and valuable; working with SFE participants
allows for modifying the probabilities to achieve these
objectives while maintaining forecast quality.

Forecasters already use ensembles of coarser-resolution
models, such as the Short-Range Ensemble Forecast
(SREF; Du et al. 2014), to assess forecast uncertainty.
Computing capabilities continue to improve, to the
point where NOAA'’s Environmental Modeling Center
plans to implement an operational, CPM-based ensem-
ble in the near future (University Corporation for
Atmospheric Research 2015). Compared to convection-
parameterizing ensembles, CPM-based ensembles have
been shown to provide better guidance in terms of pre-
cipitation forecast skill. Clark et al. (2009) found that the
skill gained by upgrading ensembles to convection-
permitting resolutions more than made up for the skill
lost by decreasing the number of ensemble members.
However, exploring the effectiveness of CPMs at fore-
casting severe hazards is a relatively new endeavor.

Updraft helicity (UH), a product of vertical vorticity
and updraft speed, is described by

UH = J twdz, )

)

where z( and z; are the user-defined layer of the atmo-
sphere, w is the updraft speed, and ¢ is the vertical
vorticity (Kain et al. 2010). UH has been used to create
probabilistic hazard guidance for any type of severe
weather and skillfully distinguished severe weather
events from nonsevere weather events (Sobash et al.
2011). This skill is likely due to the detection of persis-
tent midlevel mesocyclones, a characteristic of super-
cells, which cause a large percentage of severe weather
reports (Duda and Gallus 2010). Indeed, hourly maxi-
mum UH correlates well with observations of mesocy-
clones (Kain et al. 2010).

While UH is a good predictor for severe hazards, it is
not necessarily a good proxy for tornadoes when used
alone. Like in reality, simulated mesocyclones often
form in environments unfavorable for tornadogenesis
(Clark et al. 2012b). Therefore, if generating tornado
probabilities from UH alone, large areas of false alarms
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will occur in regions with unfavorable environments.
However, adding environmental criteria for probability
generation could reduce the false alarm area, increasing
the precision of the tornado probabilities by combining
the existence of simulated mesocyclones with environ-
mental information conducive to tornadogenesis. This
study focuses on combining model-generated rotation in
the form of UH with environmental parameters condu-
cive to tornadogenesis as identified by numerous previous
studies (Rasmussen and Blanchard 1998; Thompson et al.
2004; Griinwald and Brooks 2011; Grams et al. 2012) to
generate probabilistic forecasts of tornadoes.

Previously, high-resolution UH has been combined
with coarser-resolution environmental information to
separate the tornado threat from the hail and wind
threat. Jirak et al. (2014) used the Storm-Scale Ensem-
ble of Opportunity (SSEO; Jirak et al. 2012), a CPM
ensemble produced by the Storm Prediction Center
(SPC), for UH fields and the 40-km SREF for environ-
mental parameters, to extract individual hazard proba-
bilities. The combination of large-scale environmental
information with the small-scale UH diagnostic is shown
to provide skillful tornado guidance, with some over-
prediction of the hail and wind threats (Jirak et al. 2014).
This study aims to investigate the benefits of combining
UH with environmental parameters taken from the
same model in generating probabilistic tornado forecasts.
Probabilistic forecasts reflect both uncertainty in the ex-
act location of the storms as well as whether or not an
individual storm will produce a tornado. Several objec-
tive verification metrics assess the quality of the forecast
probabilities, as well as examination of subjective com-
ments provided by participants in the 2015 SFE.

Section 2a of this paper will describe the ensemble
system and the parameters used to generate the tornado
probabilities. Section 2b will elaborate upon the prob-
ability generation methodology, and section 2c will ex-
plain both the objective and subjective verification
methods. Section 3a evaluates the quality of the tornado
probabilities through objective verification metrics.
Differences in probability generation methods will be
highlighted by three case studies in section 3b. Section 3¢
will describe the subjective evaluation that took place,
including common themes noted by the SFE 2015 par-
ticipants. Finally, a summary and discussion of the re-
sults along with conclusions and suggestions for further
research are provided in section 4.

2. Data and methodology
a. The NSSL-WREF ensemble configuration

Since fall 2006, SPC forecasters have used output from
an experimental, 4-km version of the Weather Research
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TABLE 1. A summary of the NSSL-WRF ensemble configurations with differing lateral boundary conditions (LBCs) and initial con-
ditions (ICs). All members use WSM6 microphysics, Dudhia shortwave radiation, RRTM longwave radiation, the Noah land surface
model, and the MYJ boundary layer. Members with years in parentheses by the ensemble member were only part of the ensemble for that
year. Aside from the control NSSL-WRF member and GFS member, members are initialized using 3-h SREF member forecasts initialized

at 2100 UTC for the ICs and LBCs.

Ensemble member ICs/LBCs Microphysics PBL Radiation Land surface
1 0000 UTC NAM WSM6 MYJ RRTM/Dudhia Noah
2 0000 UTC GFS WSM6 MY] RRTM/Dudhia Noah
3 2100 UTC em_ctl WSM6 MY]J RRTM/Dudhia Noah
4 2100 UTC nmb_ctl WSM6 MY] RRTM/Dudhia Noah
5 2100 UTC nmb_pl1 WSM6 MYJ RRTM/Dudhia Noah
6 2100 UTC nmm_ctl WSM6 MYJ RRTM/Dudhia Noah
7 2100 UTC nmm_n1 WSM6 MY]J RRTM/Dudhia Noah
8 2100 UTC nmm_p1 WSM6 MY] RRTM/Dudhia Noah
9 (2015) 2100 UTC nmb_n1l WSM6 MYJ RRTM/Dudhia Noah

10 (2015) 2100 UTC nmb_p2 WSM6 MY] RRTM/Dudhia Noah
11 (2014) 2100 UTC em_nl WSM6 MYJ RRTM/Dudhia Noah
12 (2014) 2100 UTC em_pl WSM6 MY] RRTM/Dudhia Noah

and Forecasting (WRF) Model (Skamarock et al. 2008)
generated by the National Severe Storms Laboratory
(NSSL) using the Advanced Research version of the
WRF (ARW), known hereafter as the NSSL-WRF
(Kain et al. 2010). This model runs twice daily, at both
0000 and 1200 UTC. Nine additional 4-km ARW mem-
bers with varying initial conditions are run at 0000 UTC,
composing an ensemble of 10 members known as
the NSSL-WRF ensemble. Eight of the members are
initialized at 0000 UTC using 3-h SREF forecasts ini-
tialized at 2100 UTC for initial conditions and corre-
sponding SREF member forecasts as lateral boundary
conditions. The remaining member uses the 0000 UTC
National Centers for Environmental Prediction (NCEP)
Global Forecast System (GFS) analysis for initial con-
ditions and the corresponding NCEP GFS forecast as
lateral boundary conditions. The physics parameteriza-
tions among all members are identical, using the Mellor—
Yamada-Janji¢ (MYJ; Mellor and Yamada 1982; Janji¢
2002) planetary boundary layer scheme, WRF single-
moment 6-class (WSM-6; Hong and Lim 2006) micro-
physics, the Noah (Chen and Dudhia 2001) land surface
model, and the Rapid Radiative Transfer Model
(RRTM; Mlawer et al. 1997) longwave radiation and
Dudhia (Dudhia 1989) shortwave radiation scheme
(Table 1). The NSSL-WRF ensemble began running in
February 2014. Each ensemble run includes 35 vertical
levels and was integrated 36h over the continental
United States (CONUS), starting at 0000 UTC. For this
study, the period from 1200 to 1200 UTC the following
day is considered (forecast hours 12-36).

Two spring seasons are examined herein: 1 April-
30 June 2014 and 1 April-30 June 2015. Ensemble
membership changed slightly during that time period,
with two members initialized from Eulerian mass (EM)
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SREF members switched for two members initialized
from Nonhydrostatic Multiscale Model on the B grid
(NMMB) SREF members. This change occurred be-
cause SPC forecasters noticed that the EM SREF
members were much less dispersive than the other sets
of SREF model cores, resulting in a clustering of
members and a subsequent decrease in the ensemble
variability. Thus, it was hoped that a switch to more
NMMB SREF members would increase the spread and
improve the reliability. The change in ensemble mem-
bership was tested by comparing reliability diagrams for
each year using the consistent members and reliability
diagrams for each year using all of the members. Re-
liability diagrams plot the forecast probability versus the
observed relative frequency, and only small differences
occurred through the addition of the varying members
to the constant members. This change did not have sig-
nificant effects on the composition of the generated
probabilities. Thus, the change in two members does not
significantly affect the overall forecast probabilities,
and the years are combined throughout the following
verification.

b. Probability generation

Probabilities based on the NSSL-WRF ensemble were
generated using the 2-5-km hourly maximum UH (Kain
et al. 2010), defined by integrating the vertical vorticity
times the updraft velocity at 2-5km AGL (e.g., Kain
et al. 2008). These hourly maximum variables contain
the maximum value of UH at a given point for each
hour, providing insight into trends in storm intensity and
movement hour by hour. Hereafter, UH will refer to the
hourly maximum quantity. Probabilities were generated
following Hamill and Colucci (1998). For each case, the
daily maximum value of UH is found at each grid point
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for each member. Next, for each grid point a distribution
of UH values is created using the value of maximum UH
within a 40-km radius for each member. Probabilities
are found by determining where the chosen threshold of
UH (e.g., 25m?s™?) is within this distribution. If the
threshold is greater than all members forming the dis-
tribution, the Gumbel distribution (Wilks 2011) is used.
The resulting probabilities are smoothed using a Gaussian
kernel density weighting function, whose weights are
calculated by

f)=

_(x2 +y2):| 7 (2)

€X
2(o/Ax) p[ 2olAx)

where o is the user-defined standard deviation in units of
kilometers and Ax is the grid spacing. Varying o results
in different levels of smoothness in the resultant prob-
ability fields: the higher the o, the smoother the
probability fields.

The first aim of this study is to determine the optimal
o for the Gaussian kernel and the optimal UH value.
Previous studies have found that UH greater than or
equal to 40 m?s ™2 generated reliable probabilities of any
severe report (Sobash et al. 2011). To focus on the tor-
nado problem rather than on the any severe problem,
five thresholds of hourly maximum UH were examined,
beginning at 25m?s~? and increasing to 125m?s ™2 in
25m”s 2 intervals. While Sobash et al. (2011) found a
relatively large smoothing radius of 200 km to best dis-
criminate severe events from nonevents, it is expected
that in the current study usage of an ensemble frame-
work allows for a smaller optimum o because the en-
semble members will account for much of the spatial
uncertainty. This differs from the results of the Sobash
et al. (2011) study, in which the Gaussian kernel ac-
counted for all spatial uncertainty.

The first set of verification statistics for probabili-
ties with varying UH and o without environmental
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information provided a baseline against which proba-
bilities incorporating environmental information were
compared. While the UH is an hourly maximum vari-
able, the environmental variables were instantaneous
and assumed to be representative of the environment
into which the storm was moving. To assign values of
environmental parameters to values of maximum UH at
each grid point for each member, the hour of the max-
imum UH during the period of interest was determined.
Then, the environmental information for the previous
hour was used for that point. If the environmental in-
formation was below certain thresholds, the UH was not
included in the probability generation (i.e., UH was set
to zero). The environmental variables from the previous
hour of the maximum UH were used in three different
combinations. One combination, designed to eliminate
elevated storms [where the inflow is drawn from an
above-surface unstable layer; Colman (1990)], as well as
high-based storms, required the ratio of surface-based
convective available potential energy (SBCAPE) to
most unstable convective available potential energy
(MUCAPE) to be at least 0.75, and the lifted condensa-
tion level (LCL) height to be below 1500 m AGL. These
requirements helped ensure that the storm inflow
originated in the near-surface layer and that cloud ba-
ses would be relatively low. The values of 0.75 and
1500m were chosen based on Clark et al. (2012b),
where these values were found to successfully identify
UH in environments supportive of elevated and high-
based storms. In another combination, the fixed-layer
significant tornado parameter (STP; Thompson et al.
2003) was required to be greater than 1. Thompson
et al. (2003) designed the STP to discriminate signifi-
cant from nonsignificant or nontornadic environments
(Thompson et al. 2003), utilizing SBCAPE, 0-6-km
bulk shear (SHR6), 0-1-km storm relative helicity
(SRH1), and the surface-based lifting condensation
level (SBLCL):

STP = (SBCAPE/1500J kg ")(SHR6/20m's')(SRH1/150 m? s 2)[(2000 m — SBLCL)/1000 m]. 3)

Since a value of 1 or greater indicates an environment
supportive of significant tornadoes, it was selected as the
threshold for this study. Because this study is verifying
all tornadoes, both significant and nonsignificant, re-
quiring STP to be at or greater than 1 may seem too
stringent. However, based on the results (shown later), it
still slightly overpredicts tornado occurrence. The final
combination of environmental parameters used both prior
combinations of environmental parameters: SBCAPE to
MUCAPE ratio greater than 0.75, LCL heights below
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1500 m, and STP greater than 1. Each UH threshold and
smoothing radius was tested for these three sets of envi-
ronmental parameters.

c¢. Verification

Objective verification of the forecasts was conducted
using reliability diagrams (Wilks 2011), receiver oper-
ating characteristic (ROC) curves, the area beneath the
ROC curves, and the critical success index (CSI). The
area under the ROC curve measures the ability of a
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forecast to discern the outcome of a binary event, and is
computed by plotting the probability of detection (POD),
defined as
hits
POD=———— 4

hits + misses’ “)
against the probability of false detection (POFD), de-
fined as

false alarms
POFD = —,
false alarms + correct negatives

)

at specified levels of probability: 0.5%, 1%, 2%, 3%,
4%, 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%,
50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, and
95%. Computing these statistics for smaller increments
at lower probabilities than at higher probabilities fol-
lows SPC tornado probability forecasts and accounts
for large differences in area between low-probability
thresholds. The area under this curve is computed using
the trapezoidal method (Wandishin et al. 2001) and
ranges from 0 to 1. A value of 1 is a perfect forecast, a
value above 0.5 is considered to have positive skill, and a
ROC area of 0.7 is considered to be the lower limit
of a useful forecast (Buizza et al. 1999). To test the
statistical significance of the difference between ROC
areas from two forecasts, resampling was done following
Hamill (1999). Cases were randomly assigned to one of
the two forecast methods (i.e., UH only versus UH and
STP) 1000 times to create a distribution of ROC area
differences. If the ROC area differences calculated us-
ing the two forecasting techniques lies outside the 95%
confidence interval, they were deemed significant.

While ROC curves determine the discriminating
ability between events and nonevents, the shape of the
ROC curves is unaffected by probability magnitude and
therefore is not impacted by biased probability fore-
casts. To visualize the bias in the forecasts, reliability
diagrams were generated by plotting the forecast prob-
ability against the observed relative frequency. A diagonal
line represents a forecast probability equal to the observed
relative frequency (i.e., perfect reliability). Values above
(below) the diagonal represent underforecasting (over-
forecasting), where the observed relative frequency is
higher (lower) than the forecast probability.

The final metric considered, CSI, is the number of
correct “‘yes” forecasts divided by the total number of
hits, misses, and false alarms:

hits

CSI= hits + misses + false alarms” ©)

It is a score often used in rare events (Wilks 2011) and is,
therefore, an appropriate score to consider in tornado
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FIG. 1. The model domain for the NSSL-WRF ensemble. The
shaded region shows where objective verification measures were
computed.

forecasting. Scores range from 0 to 1, with 1 being a
perfect score. Visualization of CSI is viewed through
performance diagrams (Roebber 2009). Performance
diagrams plot the POD versus the success ratio, which is
defined as

successratio=1— false alarms @)
hits + false alarms’

Lines of constant reliability are plotted as dashed lines,
and lines of constant CSI are plotted as solid,
curved lines.

These measures were applied across the eastern two-
thirds of the CONUS (Fig. 1). Verification was based on
the Local Storm Reports (LSR) database for each day,
as generated by the SPC. Reports filtered by the SPC
were used to attempt to remove duplicate reports of the
same tornado. While the tornado report database is
flawed (Verbout et al. 2006; Doswell et al. 2009), un-
derreporting has been reduced in recent decades
(Brooks and Doswell 2002) and utilizing the location of
reported tornadoes for verification emphasizes the
utility of CPM ensembles in highlighting spatial areas of
concern. Only the starting points of tornado paths are
used to assign locations of the reports, and tornado
pathlength is not considered. Verification was per-
formed on the 4-km grid of the NSSL-WRF and ob-
served reports were mapped onto the 4-km grid and
treated as yes/no binary events, where a yes occurred if a
tornado report was within a 40-km radius.

Subjective verification of the forecasts took place
during the Experimental Forecast Program of the Spring
Forecasting Experiment at the Hazardous Weather
Testbed from 4 May to 5 June 2015. During this exper-
iment, participants were presented with forecast prob-
abilities and LSR tornadoes from the forecast period
overlaid. The forecasters were then asked to assign
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FI1G. 2. ROC areas for tornado probabilities formed using differing o values and UH
thresholds. Different UH thresholds are shown in different colors. All ROC areas are for
probabilities formed without incorporation of environmental information.

ratings to the forecasts on a scale from 1 (very poor) to
10 (very good), and to provide specific comments about
the forecasts and the methods of incorporating envi-
ronmental parameters into the probabilities. They could
also explain why they assigned the ratings they chose for
each forecast.

3. Results
a. Obijective verification

Objective verification of the probabilities utilized the
ROC curve, the area under the ROC curve, and re-
liability diagrams. ROC areas were first computed for
the probabilities that solely incorporated UH (Fig. 2).
The impact of changing the UH threshold and the
o value of the Gaussian kernel were tested. As the
threshold of UH was increased, the ROC areas de-
creased at all o levels, likely as a result of the POD
decreasing more quickly than the POFD as the UH
threshold increases. However, the ROC areas remained
above 0.7 for all thresholds and ¢ values. Decreases in
ROC area were greater above the UH threshold of
50m?s™ 2, decreasing by ~0.01 or less from 25 to
50m?s~ 2 and from 0.01 to 0.03 for each 25 m?s 2 of UH
added to the threshold past 50m?s 2 Differences in
ROC areas between thresholds separated by 25m?s >
were not statistically significant, but differences in ROC
areas between thresholds separated by 50m?s™? were
significant. Increases in the o value had smaller effects
on the ROC area than increases in the UH thresholds. In
general, as the o value increased, (more smoothing;
example given in Fig. 3), the ROC area increased
slightly. However, at low UH thresholds, increasing
o beyond 50km decreased the ROC area. The same
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effect at high UH thresholds was seen at o beyond
100 km, suggesting a less skillful forecast. ROC area
changes caused by o variation were one to two orders of
magnitude smaller than the changes caused by adjusting
the UH threshold. In fact, differences in the ROC area
between o of 20 km and o of 200 km show no statistically
significant difference at any UH threshold. Thus, the
variation in the UH threshold has a larger influence on
the ROC area than does the smoothing level. This ROC
area behavior is similar to the results of Sobash et al.
(2011), who also found that the ROC area decreased
with increased UH threshold and generally increased
with increasing o

The same pattern occurs when the probabilities in-
corporate environmental information. ROC areas for
varying levels of o and UH (Fig. 4) show that environ-
mental filtering decreases the ROC area in most in-
stances, but the ROC area remains above 0.8 for all
cases except for UH = 125m?s % the highest UH
threshold tested. The ROC area decrease depends on
the filtering method, UH threshold, and o value. The
LCL/CAPE ratio method shows the smallest difference
from the UH-only probabilities, with an average dif-
ference across all o values and all UH thresholds
of —0.005. Indeed, in two cases (UH = 25 m?s 2,
o = 50km and UH = 50m*s 2, o = 100km) the envi-
ronmental information increases the ROC area com-
pared to UH only. However, neither of these differences
were statistically significant, nor were other differences
between the LCL/CAPE ratio method and the UH-only
method across the o and UH producing the largest av-
erage differences. The differences become larger and
statistically significant for the STP method when com-
pared to the UH-only method, with an average differ-
ence across all o values and UH thresholds of —0.035.
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UNCALIBRATED Probability of a tornado within 25 miles of a point
(a) Based on: UH >= 75m° /s°
Valid: 1200 UTC May19 2015 - 1200 UTC May20 2015
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FIG. 3. Tornado probability maps valid from 1200 UTC 19 May
to 1200 UTC 20 May 2015 for a UH threshold of 75m”s™> and
a Gaussian kernel of o = (a) 20 and (b) 200 km. Probabilities are
shaded contours, and tornado reports are overlaid black inverted
triangles with cyan borders.

The difference from the UH-only method widens for the
LCL/CAPE ratio/STP method at —0.039, while the
difference between the LCL/CAPE ratio/STP method
and the STP method is quite small, reflecting the large
dependence on STP. The differences are larger across all
methods for larger UH thresholds, often at the 0.01 or-
der of magnitude. Therefore, the environmental infor-
mation incorporated generally has as much of an impact
on the ROC area metric as the selection of the UH
threshold, and more of an impact than the selection of o.

Figure 5 visualizes example ROC curves for five
varying UH thresholds using four methods of probabil-
ity generation. The o of the Gaussian kernel is fixed at
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50km for Figs. 5Sa—e, as 50-100km is the range above
which most ROC areas began to decrease for a given
threshold. Generally, POD and POFD decrease as the
UH threshold increases, because more events are being
missed at higher UH thresholds. While it may seem
counterintuitive that environmental information causes
lower ROC areas, the curves show that most of the in-
formation loss occurs at low probabilities (i.e., less than
0.5%). Since events are rare, missing one event causes a
large decrease in POD at very low thresholds. At op-
erational probability thresholds (i.e., 2% +), the envi-
ronmental information causes slight improvement in the
POFD, which is then offset by the decrease in POD at
low-probability levels.

While the ROC areas are highest for low thresholds of
UH, they are heavily influenced by correct negatives,
which compose a large portion of the data for tornadoes
on a high-resolution grid. Thus, CSI was examined to
provide a metric that excludes correct negatives. Per-
formance diagrams (Fig. 6) show that the addition of
environmental information increases the CSI at ranges
used by the SPC operationally: 2%, 5%, 10%, 15%,
30%, and 45%. CSI also improves as UH thresholds
increase. While all values considered are far from a
perfect forecast of 1, they are similar to the results of
Sobash et al. (2011), and roughly what is expected from
high-resolution verification of very rare events such as
tornadoes. Finally, CSI shows improvement with addi-
tional environmental information, with the LCL/CAPE
ratio/STP method often having the highest CSI at a
given probability level.

The effect of changing o is pronounced when con-
sidering the reliability diagrams for the UH-only prob-
abilities (Fig. 7). For small values of o, all forecast
probabilities are much larger than the observed relative
frequency, indicating overforecasting. This overfore-
casting persists as o is increased, but the degree of
overforecasting lessens with increased o. For larger
o (Figs. 7e,f) the overforecasting is minimized for most
levels, but sample size begins to limit the number of
higher forecast probabilities, starting around a UH
threshold of 75m?s 2. Since the ROC areas of each
o level were statistically indistinguishable and a limited
sample size occurred at high-probability thresholds, the
UH and ¢ combination used in SFE2015 was selected as
the more computationally efficient o of 50 km and a UH
threshold of 75m?s ™2 to maintain reliable high proba-
bilities. Though these high probabilities are larger than
what is currently operationally forecasted, the reliability
of these probabilities combined with the relatively high
ROC areas suggests skillful forecasts.

This chosen threshold (o of 50km and UH of
75 m?s~?) is compared among all methods of probability



280

WEATHER AND FORECASTING VOLUME 31
(a) ROC Areas using UH,
LCL < 1500m and SBCAPE/MUCAPE > .75

0.94 —

0.92 — 4 ® e

0.9 — & < & —
5 0.88 " - ——
Z 086 .___——0———‘—‘* -
2 084 — - —
% 082 e hd

0.8

0.78

0.76

20km 30km 40km $0km 100km 200km
o
(b) ROC Areas using UH and STP > 1

0.94

0.92

0.9 e —— Y st

0.88

ROC Arca
o
&

0.84
0.82 /— @ -
0.8 /’/\
0.78
0.76
20km 30km 40km 50km 100km 200km
(o]
(c) ROC Areas using UH,
LCL <1500m and SBCAPE/MUCAPE > .75
0.94 -
0.92 — < ————
0.9 = o o ———ee o
—
0.88 - ——
: 0.86 = _ .
’< 8 .__.—-——*
2 084 = 0" —
2 0.82 = -
0.8
0.78
0.76
20km 30km 40km 50km 100km 200km
[+
—o—25m¥/s? SOmYs? —@—7Sm¥s —8—100m¥s? —8—125m¥s?

FIG. 4. ROC areas for tornado probabilities formed using differing o values and UH
thresholds. Different colors represent different UH thresholds. ROC areas are from proba-
bilities incorporating (a) LCL = 1500 m and SBCAPE/MUCAPE > 0.75, (b) STP = 1, and
(c) LCL = 1500 m, SBCAPE/MUCAPE > 0.75, and STP = 1.
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generation (Fig. 8). Incorporation of the environmental
information greatly increases the reliability, particularly
at higher probability values. As it is harder for the
probabilities to meet all environmental criteria (recall
that the STP consists of four separate parameters), fewer
ensemble members will meet the criteria in a given
neighborhood. This dampens the magnitude of the prob-
abilities and leads to a reduction in overforecasting. The
environmental criteria also reduce the spatial area en-
compassed by the probabilities. The reduction in spatial
area will be more fully illustrated in the case study ex-
amples given in section 2b. As can be seen in Fig. 8b, in-
corporating LCL height and the CAPE ratio increases the
reliability at high forecast probabilities. However, only a
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slight increase occurs at the lower magnitudes. When the
STP is considered, as in Figs. 8c and 8d, the reliability in-
creases for all magnitudes of probability, and the over-
forecasting is more uniform than in both Figs. 8a and 8b.

When these results are compared to probabilities
generated without UH, instead requiring that STP = 1,
vast overforecasting occurs at all levels, and large swaths
of very high probabilities occur (Fig. 9). These results
emphasize the need for multiple methods of evaluating
the probabilities, as the ROC area from both spring
seasons is 0.90, similar to that found with solely using
UH. However, the large swaths of high probability seen
on individual days (Fig. 9a) demonstrate how difficult it
would be to use these probabilities as a first-guess
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forecast, as extremely high probabilities encompass
much of Texas and Oklahoma. There is also a very sharp
gradient in probabilities, reflecting the larger over-
forecasting problem identified in the reliability diagram
(Fig. 9b).

Forecasters develop intuition about various models and
products; these statistics may help calibrate forecasters’
understanding of the probabilities. The high probabilities
in all cases involving environmental parameters demon-
strate high observed relative frequency, occasionally even
underforecasting high-probability events. While the sam-
ple size at high probabilities is fairly small, when high
probabilities occur, a tornado is relatively likely, and
forecasters can proceed with heightened awareness. The
high values of ROC areas found across all probabilities
also indicate that these forecasts can successfully distin-
guish areas of tornado occurrence from areas without
tornado occurrence.

b. Example cases

Three example cases are discussed in this section. The
first case was a typical synoptic setup for spring in the
southern plains, with ample CAPE, strong shear, and
relatively little convective inhibition, spawning multiple
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FIG. 6. Performance diagrams with o = 50 corre-
sponding to differing UH thresholds: (a) 25, (b) 75,
and (c) 125 m?s~2. Colored curves represent the POD
plotted vs the success ratio (1-FAR) at all probability
levels forecasted, and the colored dot highlights 15%
probability. Dashed lines are of constant bias, and
curved lines are of constant CSI. Probability meth-
ods include UH only (black), LCL < 1500m and
SBCAPE/MUCAPE > 0.75 (blue), STP = 1 (green),
and LCL < 1500 m, SBCAPE/MUCAPE > (.75, and
STP =1 (red).

tornadoes across southern Oklahoma and northern
Texas. These tornadoes were well depicted by the
probabilities. The second case is a late spring case, tak-
ing place in the northern plains with a secondary area of
focus across the mid-Atlantic. This case had more tor-
nadoes than the first case and demonstrates the perfor-
mance of the probabilities in less climatologically favored
regions for tornadoes. The final case demonstrates a day
where the probabilities had difficulty pinpointing the area
of highest tornado risk, instead portraying a broad area of
false alarm, with the tornado reports occurring away from
the highest magnitude of probabilities. While it is unwise
to judge the quality of probabilistic forecasts based on
individual days, these probabilities are meant to be tools
for forecasters. As such, the potentially operational end
products are presented here. These case studies further
emphasize the operational potential of these forecasts.

1) 19 MAY 2015

At 1200 UTC 19 May 2015, a 500-hPa short-wave
trough progressed across the Great Basin area, with a
500-hPa speed maximum of 55-60kt (where 1kt =
0.51ms™ ") located over Arizona and New Mexico
(Fig. 10). At 850hPa (not shown), moist air was
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MUCAPE > 0.75, and STP = 1. The dashed black line indicates perfect reliability.

advected northwestward from the Gulf of Mexico, and
dewpoints across Oklahoma and northern Texas
reached 10°-14°C. While this setup is often associated
with outbreaks of severe weather across the southern
plains (Mercer et al. 2012; Corfidi et al. 2010), this case
was complicated by the presence of ongoing convection
across the Texas Panhandle. On this day, a slight risk
was issued by the SPC despite the high values of shear
and potential for large CAPE, largely because of the
morning convection and subsequent cloud cover, and
a lack of an elevated mixed layer as discussed in the
1630 UTC day 1 convective outlook. This case took
place during SFE 2015, and both experiment leaders and
participants agreed that the convective mode, evolution,
and timing were particularly difficult to forecast because
of the ongoing storms and mixed numerical guidance
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regarding the convective mode. Many models showed
multiple mesoscale convective systems (MCSs) moving
across the region of interest during the day, but some
suggested that supercellular storms would form in the
warm sector ahead of the ongoing convection and south
of an east-west-oriented surface stationary front.

This front progressed slowly northward throughout
the day, and tornadic supercells formed after the pas-
sage of the weak MCS generated by the morning con-
vection. These supercells grew upscale into a second
MCS that stretched across Oklahoma and into northern
Texas. Behind these supercells, surface heating was able
to initiate a third MCS over the Texas Panhandle late in
the day, which eventually caught up to and merged with
the second MCS , forming an east-west-oriented MCS
located along the stationary front. A few supercells also
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FI1G. 9. (a) Tornado probability map valid from 1200 UTC 19 May to 1200 UTC 20 May 2015
generated solely using STP = 1 and o = 50 km, with tornado reports as overlaid black inverted
triangles with cyan borders and (b) the reliability diagram for the springs of 2014 and 2015 for
probabilities using solely STP = 1. The dashed black line indicates perfect reliability.

initiated off of the Davis Mountains in southern Texas,
far from the morning convection. At the end of the day,
29 tornadoes were reported across Oklahoma and Texas.

Clearly, this was a difficult day to forecast specific
hazards. The mixed-mode signal suggested that wind,
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hail, and tornado threats were possible. The tornado
probabilities provided an excellent first guess for the
locations of the tornado reports (Fig. 11). The UH-only
probabilities (Fig. 11a) broadly highlight northern Texas
and southern Oklahoma, as well as a secondary area of
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FIG. 10. A 500-hPa map valid at 1200 UTC 19 May 2015. Solid black lines are isobars, dashed red lines are
isotherms, and blue barbs are 500-hPa wind speed and direction. Pressures (purple), temperatures (red), and
dewpoints (green) at observation points are also shown. [Obtained from the SPC website (www.spc.noaa.gov/

exper/archive/event.php?date=20150519).]

concern associated with the Davis Mountains. The
highest probabilities were centered along the Red River,
which forms the border between southern Oklahoma
and northern Texas, and the highest magnitudes were
~45%. This bull’s-eye was where the highest concen-
tration of tornado reports occurred. The LCL and
SBCAPE/MUCAPE ratio method (Fig. 11b) main-
tained the high magnitude of probabilities around the
Red River, but correctly diminished the high probabil-
ities of the UH-only method across the Texas Panhan-
dle. The low-end probabilities generally encompassed
the same area as the UH-only probabilities, but the
magnitudes decreased (Fig. 11b). The STP method
(Fig. 11c) greatly reduces the magnitude of probabilities
far from the bull’s-eye while maintaining high proba-
bilities in the bull’s-eye, although the magnitude of the
probability reduction is less than with the SBCAPE/
MUCAPE ratio method. The area of false alarm ini-
tially present across the Texas Panhandle (Figs. 11a,b) is
also greatly reduced by the STP method. Finally, the
method with LCL height, CAPE ratio, and STP de-
creases the probabilities the most and provides the
greatest correspondence of the probabilities with the
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locations of the tornado reports (Fig. 11d). The sec-
ondary bull’s-eye of higher probability across the Texas
Panhandle is greatly diminished, while the area of higher
probability remains present across the Davis Mountains.

The high magnitude of the probabilities along the Red
River is maintained in all methods of tornado forecast
generation, suggesting that incorporating environmen-
tal information maintains the high risk of tornadoes
across this area. This contrasts with the area of relatively
high probabilities across the Texas Panhandle, which
was greatly reduced by using the environmental in-
formation. While the broad area encompassed by the
probabilities remained consistent, the highest risk was
shifted toward the observations through the addition of
the environmental information, and highlighted the area
of highest tornado risk despite mixed signals regarding
the convective mode, evolution, and timing of the
day’s storms.

2) 27 JUNE 2015

At 1200 UTC 27 June 2015, a 500-hPa trough spread
across the Mississippi valley (Fig. 12). The 250-hPa wind
speeds (not shown) were high considering the location
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FIG. 11. (a) Tornado probability map valid from 1200 UTC 19 May to 1200 UTC 20 May 2015 for a UH threshold of 75 m*s~2 and
o = 50km generated using solely UH and (d) including environmental information. Probabilities are shaded contours, and tornado
reports are overlaid black inverted triangles with cyan borders. Difference maps between probabilities generated solely using UH and
(b) requiring LCL < 1500 m and SBCAPE/MUCAPE > (.75 and (c) requiring STP = 1. Dashed contours are drawn every 2%, starting at
0%. Negative numbers indicate a reduction in probability compared to (a).

and time of year, with wind speeds of over 100 kt ahead
of the main trough axis. Two separate areas of tornadic
storms formed: one across the eastern Dakotas and one
across the mid-Atlantic and the Carolinas. The SPC is-
sued an enhanced risk across both areas, and most tor-
nado reports were encompassed within either the
enhanced or the slight risk area. The SPC noted in their
1630 UTC convective outlook that the warm front in the
east provided backed wind profiles capable of supporting
rotating storms, as well as steep lapse rates and strong
upper-level winds associated with the short-wave trough
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evolving from Canada into the Dakotas. However, the
weak anticipated low-level wind shear caused uncertainty
with regard to the tornado risk. By the end of the event, 35
tornadoes were reported, with a majority of the tornadoes
occurring across North Dakota and into Minnesota.

On this day, the probabilities highlighted the northern
system (Figs. 13a—d). The probabilities emphasized
tornadic risk across the Dakotas, while maintaining low
risk across the mid-Atlantic. The orientation of the
probabilities in both cases also closely matched the
orientation of the reports, suggesting that the synoptic



288

78 \\\\\\

Natonal Weather Service
Storrn Prediction Center

WEATHER AND FORECASTING

150627/1200 500 MB UA OBS, HGHTS, and TEMPS

VOLUME 31

b -347"

ZRl

F1G. 12. As in Fig. 10, but for 1200 UTC 27 Jun 2015. [Obtained from the SPC website (www.spc.noaa.gov/exper/
archive/event.php?date=20150627).]

setup was accurately portrayed. Comparing Figs. 13a
and 13d demonstrates the reduction in both magnitude
and areal coverage of probabilities provided by adding
environmental information. The difference plots shown
in Figs. 13b and 13c show that the STP method in this
case caused a much larger reduction than did the LCL/
CAPE ratio method. The STP method also eliminates
the area of false alarm in Alabama. While all of the
northern tornado reports remain within the envelope of
probabilities with all environmental criteria (Fig. 13d),
the focus of the tornado probabilities in the mid-Atlantic
is much more northerly than in the reports. While the
mid-Atlantic probabilities encompassed two of the tor-
nado reports, on this day many of the North Carolina
tornadoes were missed.

This case is discussed to demonstrate that the proba-
bilities are useful across the United States; wherever the
environmental conditions are favorable for tornado-
genesis and UH is present within the ensemble, proba-
bilities will be issued.

3) 28 MAY 2015

On 28 May 2015, a short-wave trough was located
across the Rocky Mountains, with several smaller short-
wave impulses along the larger trough axis. One such
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short-wave impulse was ejected from northern Oklahoma,
with another impulse set to be ejected northeastward over
Texas throughout the day (Fig. 14). Upper-level wind
speeds at the trough’s base were approximately 55-65 kt
at 250hPa (not shown) and low-level moisture was
abundant. Prior convection left remnant outflow bound-
aries across Kansas, Oklahoma, and Texas, and the Storm
Prediction Center’s 1300 and 1630 UTC convective out-
looks noted their potential as foci for convective initi-
ation later in the day. Despite morning convection,
storms initiated along the outflow boundaries and
produced one tornado before they quickly grew up-
scale into a large MCS that spanned Texas, while far-
ther northward isolated supercells across western
Kansas also grew upscale into clusters. The supercells
in Kansas produced a string of tornado reports, as did
supercells near the Oklahoma—Colorado border.
Probabilities on this day suggested a widespread re-
gion of risk from southern Nebraska south to the Texas—
Mexico border (Fig. 15a). These probabilities exceeded
30% across most of Texas. While one report did occur in
this area, the majority of reports took place away from
the area of highest probabilities. In addition, false
alarms were present across most of Oklahoma and
Texas. Again, usage of the environmental information
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FIG. 13. As in Fig. 11 but from 1200 UTC 27 Jun to 1200 UTC 28 Jun 2015.

decreased the probabilities (Figs. 15b,c). The decrease
in probabilities using the LCL/CAPE ratio method
(Fig. 15b) was fairly uniform across Texas and Okla-
homa, but lowered the probabilities where most of the
tornado reports occurred. The STP method (Fig. 15¢)
reduced the probabilities much more than the LCL/
CAPE ratio method did, but again the highest-
magnitude reductions were near the actual string of re-
ports. The large area of false alarms remained over
Oklahoma and eastern Texas and was not reduced much
by the inclusion of environmental information. When all
of the environmental information is included in the
probabilities (Fig. 15d), a large area of false alarms
persists, particularly in south-central Texas, far from the
majority of the reports. In addition, one of the tornado
reports included in the UH-only method (Fig. 15a) now
is outside the envelope of probabilities.
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This case highlights the difficulties encountered when
calculating probabilities in MCS situations. While the
mode is often easily discernable when looking at simu-
lated reflectivity, the presence of UH within the squall
lines and the presence of ingredients conducive to torna-
dogenesis in systems present a difficult problem. Further,
MCSs occasionally do produce tornadoes, and ideally
probabilities would reflect this potential. It is beyond the
scope of this work to lower the probabilities when the
expected mode is linear in nature, while maintaining
probabilities that reflect the MCS tornado threat.

c. Subjective verification

Subjective verification of the tornado probabilities
took place during SFE 2015, from 5 May to 4 June 2015.
Each participant was asked on a daily basis to rate the
four probabilities from the previous day generated using a
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FIG. 14. As in Fig. 10, but for 1200 UTC 28 May 2015. [Obtained from the SPC website (Wwww.spc.noaa.gov/exper/
archive/event.php?date=20150528).]

UH threshold of 75m*s ™2 and a o of 50 km. In the case of
Monday, the most active day from the previous weekend
was considered. These ratings ranged from 1 (very poor)
to 10 (very good), in response to the following question:

“Subjectively rate the NSSL-WRF 24 h tornado proba-
bilities using a rating scale of Very Poor (1) to Very Good
(10). We are testing the use of updraft helicity as forecast
by the NSSL-WRF ensemble to derive tornado proba-
bilities at time and space scale consistent with SPC out-
looks. UH = 75 is used as a proxy for tornadoes and
various methods are tested to only consider UH in en-
vironments typically supportive of tornadoes.”

Incorporation of environmental information pro-
duced higher mean subjective ratings (Fig. 16) over the
UH-only method for the 24-h probabilities. Of the
22 days of evaluation, the LCL/CAPE ratio method
had or was tied for the highest average rating on 9 days,
the STP method and the LCL/CAPE ratio/STP method
had or were tied for the highest average rating on
8 days, and the UH-only method had or was tied for the
highest average rating on 6 days. The UH-only method
and LCL/CAPE ratio were rated the same on four days,
and the STP and LCL/CAPE ratio/STP method were
rated the same on seven days. Thus, many participants
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saw a strong similarity between the STP and the LCL/
CAPE ratio/STP method.

Opverall, the participants’ comments described some
common themes. Most of the participants found the
guidance to be useful, and noted that the incorporation
of environmental information focused the area of in-
terest and reduced false alarms as per the aim of this
study, with multiple comments such as

“All products capture the area, axis, and grouping of the
tornado reports very well. The naive UH probabilities
show too much false alarm area in SW Oklahoma, but the
additional filters correct that area very well.”

These comments suggested that forecasters would like
to have the probabilities available when they are fore-
casting, and that they would glean information at a
glance, rather than mentally integrating all of the en-
semble data upon which these probabilities are based.

The participants’ main concerns were the high
magnitude of probabilities on multiple days and dis-
placement of the bull’s-eye of high probabilities from
eventual tornado reports on multiple days. The high
magnitude of the probabilities correspond to relatively
high-risk categories, as assigned by the SPC, resulting in
comments such as
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FI1G. 15. As in Fig. 11 but from 1200 UTC 28 May to 1200 UTC 29 May 2015.

“Several reports occurred outside of the bullseye of
tornado probs, and there were only a few tornadoes in
the area in Oklahoma that had probs over 30%, even
with the most discriminating filters. 30% is high risk, and
the reports did not seem like a high risk day to me.”

However, from the objective verification discussed
previously, high magnitudes are only slightly over-
forecast according to the reliability diagrams.
Adding environmental information did occasion-
ally have a downside, as was noted in the 27 June
2015 case study; the STP-inclusive probabilities
were occasionally noted by the participants as being
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too limiting, and excluding tornado reports that
the less restrictive methods maintained within low
probabilities:

“Large false alarm areas. However the two tornado
reports were near the high probability areas. After
filtering, the Wyoming tornado was missed although
the false alarm area was greatly reduced.”

Forecasters have different opinions about whether it is
more important to not miss events or to reduce the num-
ber of false alarms, and through the SFE the probabilities
were rated by forecasters with a mix of these views.
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encompassed 24 cases.

Finally, the participants noted the difference between
days with few tornadoes and days with more tornadoes,
namely, that marginal days posed more difficulties be-
cause of the weaker environmental parameters naturally
present on those days:

“Some displacement from the area where reports oc-
curred. Max probability value ~4X greater than the
density of storm reports - so the parameter is running
quite hot. Missed event, which probably is more a miss of
the underlying forecast than any aspect of the parameter
space shown. The filters that included STP reduced the
max values, which for this event moved closer to ob-
served report density.”

Since the probabilities are mostly ingredients based, it is
to be expected that the days with less favorable envi-
ronments would produce fewer tornadoes, and that the
probabilities would have difficulty pinpointing exactly
where these tornadoes would occur.

Opverall, the participant comments were positive and
reinforced the results produced through objective
analysis while providing insight into how a forecaster
might utilize these probabilities operationally. They also
highlighted areas of potential improvement and con-
cerns, which will be taken into account in future work.
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4. Summary and discussion

High-resolution models are a very useful resource for
forecasters, but the amount of information available
from these models continues to grow while the amount
of time a forecaster has often is fixed. This work at-
tempts to provide a “first guess’ forecast of tornadoes
from the high-resolution NSSL-WRF ensemble. Infor-
mation output by the ensemble, such as UH, STP, LCL
height, and SBCAPE/MUCAPE ratio are synthesized
into probabilities. The first question addressed by this
study asks which UH threshold and o value maximized
both reliability and skill in forecasting tornadoes.
Utilizing the area under the ROC curve, CSI, and re-
liability diagrams, this study suggests a UH threshold
of 75m*s™? maximizes reliability, while producing
graphics of similar smoothness to those already issued
operationally and maintaining a high ROC area.
Lower thresholds of UH were also considered, but
produced large areas of overforecasting. However, all
thresholds of UH produced less overforecasting than
what was found when considering environmental
information, such as STP, without considering UH.
Small smoothing radii greatly overforecasted and pro-
duced noisy graphics; using a larger o ensures that the
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probabilities are not tied to specific UH tracks within
the model.

When our results are compared to the calibrated
tornado forecasts of Jirak et al. (2014), they demonstrate
higher CSI values at UH thresholds above 25 m?s 2. As
Jirak et al. (2014) used calibrated probabilities based
on historical relative frequencies, these probabilities
have the advantage of higher CSIs while not requiring
historical report information. Reliabilities between
the two studies were comparable, and both performed
more poorly than did the SPC day 1 outlooks reported
by Jirak et al. (2014). However, the addition of
higher-resolution ensemble data appears to improve
the CSI of these uncalibrated probabilities beyond
the calibrated probabilities using coarser-resolution
environmental information, suggesting that the higher-
resolution environmental information benefits the
probabilities.

The second question of this study asked whether the
incorporation of environmental information to UH in-
formation would improve the probabilities. While ROC
areas decreased slightly with the addition of environ-
mental information across all UH and o thresholds, CSI
increased. ROC area reduction is thought to be due to
lower skill at very low probability thresholds and the
large influence of correct negatives, as supported by
the CSI. However, the inclusion of environmental in-
formation reduced the area of false alarms in many in-
dividual cases—STP generally more so than LCL height
and CAPE ratio. The inclusion of environmental in-
formation also led to an improvement in reliability
across all cases.

Subjectively, this finding was supported by partici-
pants during SFE 2015, in their comments and their
ratings, which favored the probabilities incorporating
environmental information over the UH-only proba-
bilities. Both verifications suggest that high-resolution
environmental information helps distinguish tornadoes
from other severe convective hazards. Subjective eval-
uation also suggests that these probabilities are useful to
forecasters, particularly from SFE 2015 participant
comments. The integration of environmental parame-
ters with UH values into one map of probabilities saves
forecasters time and effort. To that end, three case
studies are presented in which the probabilities could
give forecasters an idea of the tornado threat. An
overwhelmingly mixed-mode day and a day with the
potential for tornadoes in a climatologically less-favored
area for tornadoes than the central Great Plains show
the ability of the probabilities to handle multiple-
tornadic scenarios. A third case demonstrates weak-
nesses of the probabilities and provides the focus of the
future work.
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Future work includes ongoing collaboration with SPC
forecasters on using UH and STP to generate empiri-
cally calibrated probabilities. Preliminary results sug-
gest that these probabilities could provide very different
guidance from the method described in this study. Fu-
ture work will also focus on exploring the relationship
between model-generated STP and STP obtained from
the ROC reanalysis of tornado events, as well as the
relationship between model-generated UH and the
radar-observed rotational velocity of storms. Future
probabilities will be tested in upcoming SFEs and ob-
jectively analyzed, to provide the best possible first guess
tool for forecasters in their pursuit of an accurate tor-
nado forecast.
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After publication of our paper “Forecasting tornadoes using convection-permitting en-
sembles” (Gallo et al. 2016, hereafter G16), we noticed an error in the computation of the
performance diagrams in G16’s Fig. 6. Though this error has no effect on G16’s conclusions,
we would like to present the corrected Fig.6 by means of this corrigendum.

Rather than showing the probability levels of 2%, 5%, 10%, 15%,30%, and 45 %, with the
15% level highlighted via a point, Fig. 6 of G16 shows probability levels of 1%, 4%, 5%,
10%,25%, and 40%, with the 10% level highlighted via a point. While the points composing
the previous line were accurately computed, they simply depicted the incorrect range of
probabilities. The corrected Fig. 6 gives the performance diagrams over the correct range of
probabilistic tornado forecasts issued operationally by the Storm Prediction Center.
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