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Abstract

Although much has been learned in recent decades regarding the synoptic and
subsynoptic environments associated with major tornado outbreaks, very little research
has been conducted using a large sample of outbreak cases to distinguish major tornado
outbreaks from less significant events. Preliminary investigations suggested that there
were systematic differences between the synoptic-scale environments of tornado
outbreaks and primarily nontornadic outbreaks, and that synoptic-scale processes
occurring up to three days in advance of the outbreaks were a useful means of
discriminating the events. Subsequent investigations showed that the time of year in
which the outbreaks occurred played a non-negligible role in the discrimination of these
events, but that precursor synoptic-scale environments could be used as initial data in
mesoscale models to simulate outbreak environments that were systematically different
between the two types of outbreaks.

Because of the promising results of these initial studies, research encompassing
all types of outbreaks should be investigated, as most outbreaks of severe convection
cannot be classified readily as major tornado outbreaks or primarily nontornadic
outbreaks. This is the focus of the present study. For this work to be implemented, a
new scheme to rank and classify severe weather outbreaks of any type must be
developed. Initial work implemented a multivariate, linear-weighted index to rank the
events based on the characteristics of the severe reports during individual 24-h periods.
Although the technique was relatively effective in the identification of the most
significant events, days with multiple regionally distinct clusters of severe reports were

considered as single events. A modification to this ranking scheme will be introduced in
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this study to account for these days, using a kernel density estimation technique. Two
objective techniques (the areal coverage and principal component analysis methods) will
be introduced and their ability to discriminate major severe weather outbreaks from less
significant events will be compared. Finally, comparison of these objective techniques to
current operational forecasting will be examined to determine the potential utility of these
methods in future forecasts.

The results of this work suggest that there is reasonable accuracy and skill in
discriminating major tornado outbreaks from less significant events. However, a
substantial false alarm problem exists with any of the objective techniques developed,
which is also observed in current operational forecasts. Implications of these findings

and potential topics for future research will be discussed.
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1. Introduction

Finding links between synoptic-scale processes and tornado outbreaks has been a
focus of severe weather research for several decades. This is true despite a relatively
consistent upper-air network of radiosondes, surface observational networks, and
continuously improving computer technology. Improvements of computing have allowed
for the development of mesoscale models used to predict severe convection in numerous
studies (e.g., Cortinas and Stensrud 1995; Stensrud et al. 1997; Stensrud et al. 2000;
Stensrud 2001; Kain et al. 2006; Deng and Stauffer 2006). Although our understanding
of synoptic-scale links to tornado outbreaks certainly has improved because of these
advances, the specific synoptic-scale processes involved and the degree to which they
influence the characteristics of a severe weather outbreak remain unclear (Johns and
Doswell 1992; Doswell et al. 1993; Johns and Hart 1993; Doswell and Bosart 2001;
Shafer et al. 2009 — hereafter, S09).

The need for increased understanding of the synoptic-scale processes regulating
the occurrence of tornado outbreaks versus severe weather outbreaks with a relatively
small number of significant tornadoes is undeniable. Tornado outbreaks pose a
substantial risk to life and property, generally much greater than outbreaks of severe
weather without many damaging tornadoes. Consistent discrimination of tornado
outbreaks from other types of outbreaks also would allow the National Weather Service
and emergency management personnel to prepare appropriately for warning operations,
public awareness, and relief efforts. Because many outbreaks clearly are associated with

strong synoptic-scale systems (termed “synoptically evident” outbreaks by Doswell et al.



1993), research identifying synoptic-scale processes associated with these outbreaks is
essential to our understanding of these events.

Early research on the prediction of severe convection investigated typical severe-
weather environments. Fawbush and Miller (1952) identified the “loaded gun” sounding.
Fawbush and Miller (1954) described three characteristic types of soundings associated
with severe weather. Beebe (1955) called attention to the “inverted V” sounding.
Research soon expanded to identify prototypical synoptic-scale map types associated
with severe weather events. Beebe (1956) developed local composites of rawinsonde
data in proximity to tornado reports. Increased understanding of severe weather
environments and the synoptic-scale patterns associated with them led to the
identification of five map types commonly associated with regional tornado outbreaks
(Miller 1972). See Schaefer (1986) and Doswell (2007a) for a review of early severe
weather research.

Recent research has focused on an ingredients-based methodology (Doswell et al.
1996). Several severe weather parameters have been developed to assess (in a diagnostic
and/or prognostic sense) the potential for severe weather, the mode of severe convection
(e.g., discrete cellular versus linear), and the types of severe weather observed. These
parameters include but are not limited to convective available potential energy (CAPE;
e.g., Moncrieff and Green 1972), storm-relative environmental helicity (SREH; Davies-
Jones et al. 1990), storm-relative flow (SRFL; Kerr and Darkow 1996), bulk Richardson
number (Moncrieff and Green 1972), bulk Richardson number shear (BRNSHR;
Droegemeier et al. 1993), bulk shear (Bunkers 2002), lifting condensation level (LCL;

e.g., Rasmussen and Blanchard 1998), the energy helicity index (EHI; Hart and Korotky



1991), the supercell composite parameter (SCP; Thompson et al. 2003), and the
significant tornado parameter (STP; Thompson et al. 2003).

However, most research has focused on distinguishing storm environments. A
number of proximity sounding studies (e.g., Davies and Johns 1993; Johns et al. 1993;
Brooks et al. 1994a,b; Rasmussen and Blanchard 1998; Craven et al. 2002a,b; Doswell
and Evans 2003; Thompson et al. 2003, 2007; Potvin et al. 2010) have focused on the
ability of various severe weather parameters to distinguish tornadic and nontornadic
storms, supercellular and nonsupercellular convection, significant severe weather from
less significant storms, etc. Similar studies using reanalysis data (Brooks et al. 2003b)
and mesoscale model output (Stensrud et al. 1997) have been conducted. However,
relatively few studies have focused on distinguishing outbreak types (Johns and Hart
1993; S09).

Doswell et al. (2006 — hereafter, D06) developed a technique for ranking tornado
outbreaks (TOs) and primarily nontornadic outbreaks (PNOs). The goal of that study was
not to define these outbreak types, but instead was to rank these outbreaks to identify
prototypical cases of each type associated with a particular synoptic-scale system. This
work provided a convenient way to obtain a large sample of outbreaks of each type to
determine if antecedent synoptic-scale processes were associated with the type of
outbreak that occurred (S09; Mercer et al. 2009 — hereafter, M09).

The subjective (objective) analysis conducted by S09 (M09) showed that the
meteorological fields of the mesoscale model simulations of TOs and PNOs initialized
with synoptic-scale input could be distinguished consistently up to three days in advance

of the outbreaks. However, S09 discussed several limitations of these initial studies. (1)



The samples of 50 TOs and 49 PNOs used in these studies were unequally distributed
throughout the year. Specifically, the TOs were most common in April, May, and early
June, whereas the PNOs were most common in June, July, and August. No TO in the
sample occurred between 17 June and 23 September (i.e., during the peak time of year of
the sampled PNOs). (2) As a result of (1), the ability to discriminate TOs and PNOs, as
described in S09 and M09, may not have been limited to synoptic-scale processes.
Rather, the summer months typically feature high-instability, weak-shear severe-weather
environments, whereas the spring months more commonly feature the collocation of
moderate-to-high instability and strong shear. These seasonal differences likely played a
role in the ability to discriminate the outbreaks. (3) TOs occurring in the late spring
were more likely to be misclassified by the subjective and objective techniques.
Similarly, PNOs occurring during the time of the year in which the sample of TOs peaked
were misclassified more often. (4) The initial study was a “best-case scenario”.
Specifically, if a mesoscale model using synoptic-scale initial data could not distinguish
prototypical TOs and PNOs, then there would be no need to incorporate outbreaks that
fall somewhere in between TO and PNO classification. Because the initial work showed
promise, these “intermediate” outbreaks should now be included in subsequent studies.
In fact, such inclusion is essential, as most severe weather outbreaks cannot be classified
readily as either type (Shafer and Doswell 2010a — hereafter, SD10a).

Regarding limitations (1)-(3), a follow-up study by Shafer et al. (2010b —
hereafter S10b) modified the PNO case list to include cases only during the times of year
in which the sample of TOs used in S09 and M09 occurred. Such modification resulted

in a noticeable degradation in the accuracy and skill of the statistical algorithms using the



simulated fields of severe weather parameters to distinguish TOs from PNOs. In general,
hit rates for the best parameters were ~70-75%, false alarm ratios were ~25-35%, and
skill scores were ~50% for 1-day forecasts, with statistically significant deterioration for
3-day forecasts. As found in S09, low-level shear and low-level helicity were the best
predictors of outbreak type. Additionally, S10b found that synoptic parameters such as
geopotential heights, mean sea-level pressure, and wind speeds were useful predictors of
outbreak type. Finally, the utility of some parameters (in particular, the LCL) was found
to deteriorate substantially when the PNO case list was altered, suggesting a sensitivity to
the time of year in which the events occurred. Clearly, the time of year in which the
outbreaks occurred played a substantial role in the discrimination of events in S09 and
MO09; however, synoptic-scale processes clearly were important, given the statistically
significant accuracy and skill (95% confidence) with which these events could be
discriminated during the same times of year.

Regarding limitation (4), SD10a modified the ranking indices developed by D06
to include outbreaks of any type. Their study included the top 30 days of each year from
1960-2006, based on the total number of severe reports in a given 24-h period, and used a
linear-weighted multivariate scheme to rank the 1410 events. As in D06, secular trends
in the data were pronounced, requiring temporal detrending. SD10a found that the scores
used to rank the events (hereafter, ranking index scores) had characteristic curves (their
Fig. 6), suggesting three basic types of events based on their relative severity, supported
by subjective analysis of these events: major severe weather outbreaks (~200 cases,
primarily major tornado outbreaks), intermediate events (~1000 cases), and marginal

events (~200 cases). Marginal events were cases with substantial geographic scatter in



the reports or multiple clusters of events on a given day, identified readily by
incorporation of the “middle-50%" parameter (described in D06 and SD10a). Although
the rankings of the major and marginal events were relatively robust to modifications of
the ranking indices, the intermediate outbreak rankings were subject to large volatility.
Thus, the prediction of future events using past events as training using the ranking index
scores was doubtful. As a result, classification was deemed more appropriate. Besides
the 3-class designation for relative severity, cluster analysis was used to classify
outbreaks by the characteristics of the severe reports. SD10a found that five types of
outbreaks were observed: major tornado, hail-dominant, wind-dominant, mixed-mode,
and large-scatter events.

As S09 observed that areal coverage of parameters favorable for significant
severe weather seemed to be a relatively useful means of discriminating TOs from PNOs,
this technique was used in an objective manner to determine its capability of
distinguishing the major severe weather outbreaks in SD10a from the less significant
events (i.e., the intermediate and marginal events in SD10a). This was the focus of the
study by Shafer et al. (2010a — hereafter S10a). S10a found that the areal coverage of
severe weather parameters favorable for severe weather was a relatively useful way of
diagnosing the severity of the outbreaks. However, a substantial false alarm problem was
present, similar to results from previous studies discriminating storm environments (e.g.,
Rasmussen and Blanchard 1998; Thompson et al. 2003) and confirmed the findings of
Hamill et al. (2005), who specifically investigated multi-day tornado outbreaks.
Although several severe weather parameters were tested, it was found that SCP, STP, and

EHI were relatively good predictors.



With the development of two techniques (the principal component analysis first
introduced in M09, and areal coverage first introduced in S10a), a comparison of the
efficacy of these methods for outbreak discrimination is appropriate. This is so because
(1) the areal coverage technique is simpler to develop, automate, and interpret; (2) the
principal component analysis technique is more computationally demanding; and (3) the
principal component analysis technique requires knowledge of the location of the center
of the outbreak, which is not known before the event occurs. If it is found that the areal
coverage method is as good as or better than the principal component analysis technique,
there would be no need for implementation of the principal component analysis technique
in an environmental setting (currently). This comparison is the motivation for Section 2
of this study.

In their study, S10a found that the marginal events identified by SD10a were not
treated in a way that agreed with subjective notions of these events. Specifically, days
with multiple clusters of events were considered single events, whereas the synoptic-scale
environments on these days suggested that they should be considered as distinct events.
Moreover, days with large geographic scatter may not be outbreaks at all and should be
discounted entirely. These limitations are the motivation for Sections 3 and 4 of this
study.

Finally, Section 5 elaborates on the overall findings of the research conducted so
far in determining our present ability to distinguish major severe weather outbreaks
(primarily major tornado outbreaks) from less significant events. In this section, the
limitations of outbreak discrimination are identified. Additionally, future work based on

these limitations is proposed.



2. Diagnosing Major Severe Weather Outbreaks: Comparison of NARR and
NCEP Reanalysis Datasets and Evaluation of Principal Component and Areal
Coverage Techniques

a. Introduction

Two objective methods of diagnosing characteristic types of outbreaks have been
proposed in recent studies. M09 introduced a technique in which model-simulated fields
of meteorological covariates could be used as input into statistical models (such as
support vector machines [SVMs; Haykin 1999]) via principal component analysis (PCA;
Hotelling 1993, Richman 1986) for training, and using independent cases to assess the
models. Henceforth, this technique will be referred to as the PCA method (Fig. 2.1).
Specifically, M09 investigated the ability of the Weather Research and Forecasting model
(WRF; Skamarock et al. 2008) to discriminate tornado outbreaks and primarily
nontornadic outbreaks (D06), using synoptic-scale data for initialization (S09). M09
found that the proposed technique was effective in distinguishing the two types of
convective outbreaks at least three days in advance. However, S10b found that this
capability was diminished when the selection of cases was restricted to events occurring
outside of the summer months.

S10a introduced a simplified technique to distinguish major severe weather
outbreaks from intermediate and marginal outbreak days. Operational severe weather
forecasting experience suggested that days in which spatially extensive regions of severe
weather parameters favorable for the occurrence of significant severe weather occurred in
conjunction with significant convective outbreaks. In contrast, days with relatively small

regions of observed severe weather frequently feature comparably small regions with



Select subdomain (21x21; 18-km grid spacing) positioned at
center of outbreak

Compute data matrix with M cases for the n variables
analyzed (M x (441 x n))

Compute correlation matrix [(441 x n) x (441 x n)]

4 N

Determine number of eigenvalues (r) and compute PC scores matrix (M x r)

& J

Use PC scores matrix as input matrix (training data) for statistical
models — test on independent data (2" — 1 possible combinations)

Fig. 2.1. Flow chart outlining the PCA method.
favorable severe weather parameters. Thus, S10a used areal coverage of severe weather
parameters exceeding a predetermined threshold as input for statistical models trained to
identify the major severe weather outbreaks. Henceforth, this technique will be referred
to as the areal coverage method. S10a used North American Regional Reanalysis
(NARR; Mesinger et al. 2004, Mitchell et al. 2004) data valid at or near the peak times of
the outbreaks to compute values of areal coverage (either as grid point sums or mean
storm trajectories in the favorable region). The results found by S10a suggested that
areal coverage was indeed associated with the relative severity of these convective
outbreaks, despite a high (>70%) false alarm ratio.

A comparison of the efficacy of the two techniques for outbreak discrimination

using the same dataset and the same type of outbreak classification is appropriate, for a



number of reasons. (1) The areal coverage technique is simpler to execute and is easier
to interpret. The computational demands required for the PCA method (described in
S10b; their Section 2) are reduced considerably using the areal coverage technique.' The
a priori determination of the outbreak centroid, necessary for operational implementation
of the PCA method (M09), also is eliminated. Questions regarding the spatial
distribution of the outbreak (in terms of the observed severe weather and the observed
severe weather environment) are unaccounted for in the current PCA technique (S10b).
These concerns are not relevant for the computation of areal coverage. Automation of
the PCA method is challenging, because of these limitations. (2) S09 observed that the
areal coverage of severe weather parameters was useful for discriminating between
tornado and primarily nontornadic outbreaks. Thus, it is possible that the PCA and areal
coverage methods may be providing solutions that are largely (statistically significantly)
indistinguishable. If so, the areal coverage method is preferable, based on the
aforementioned increased complexity of the PCA method. (3) Because of the large
number of false alarms when distinguishing major from intermediate and marginal
outbreak days using the areal coverage techniques, developing methods to improve upon
these initial results is desirable. The PCA method is one possible alternative.

The PCA method used by M09 and S10b (refer to Fig. 2.1) uses a 21x21 domain
with 18-km horizontal grid spacing located at the center of the relevant outbreak. This
was designed to represent the mesoscale environment in the vicinity of the outbreak in
order to determine if mesoscale models can produce consistently distinct environments
with synoptic-scale data. However, as outbreaks are associated with synoptic-scale

systems (Doswell et al. 1993; Glickman 2000; D06), the synoptic-scale environment at

' The computational demand also is discussed briefly in Section 2b.
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the valid time of the outbreak may also be a means of discriminating outbreak type. This
has been suggested numerous times in the literature (e.g., Miller 1972; Johns and Doswell
1992; Doswell et al. 1993; Doswell and Bosart 2001; S09). Therefore, use of a second
dataset, in which the grid spacing is relatively coarse, can be implemented to determine
how grid spacing influences outbreak type discrimination.

The purpose of this study is to attempt to determine which of two methods tested
(the PCA vs. the areal coverage method) is the best choice in the discrimination of major
severe weather outbreaks from intermediate and marginal events, as identified by SD10a,
using reanalysis data valid at or near the peak time of the outbreak, as done for the areal
coverage method in S10a. The utility of the PCA method is investigated further by using
both the NARR dataset and the National Centers for Environmental Prediction
(NCEP)/National Center for Atmospheric Research (NCAR) reanalysis (hereafter,
NNRP; Kalnay et al. 1996) dataset. As the NNRP dataset is consistent with the synoptic
scale (see S09), whereas the NARR dataset is of higher resolution (see Mesinger et al.
2004; Mitchell et al. 2004; Section 5b of this study), comparison of each dataset’s ability
to diagnose major severe weather outbreaks will provide insight into the additional value
(if any) provided by enhanced spatial resolution data for this purpose. Section 2b
discusses the data and methods incorporated in this study. Section 2c¢ presents the results
comparing the NARR and NNRP data using the PCA method. Section 2d compares the
PCA and areal coverage techniques. Section 2e provides additional discussion on
possible reasons for the findings and implications for future research. This research also

is discussed in Shafer et al. (2010c).
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b. Data and methods
1) The reanalysis datasets

The NARR dataset was described by Mesinger et al. (2004) and Mitchell et al.
(2004), as well as by S10a. Data are available from 1 January 1979 to the present,
allowing for many cases to be analyzed. Horizontal grid spacing is 32 km, with 45
vertical layers. Such a dataset allows for analysis of the mesoscale fields of various
meteorological variables associated with severe weather (known as meteorological
covariates — see Brown and Murphy 1996; Brooks et al. 2003b). The reanalysis data are
converted to a 31-layer, 300x200 18-km Lambert conformal grid centered on the
conterminous United States (CONUS), which is consistent with the studies by M09,
S10a, and S10b. This conversion incorporated the WRF Preprocessing System (WPS)
Version 3.1 (Skamarock et al. 2008), using bilinear interpolation.

The NNRP dataset is documented in detail in Kalnay et al. (1996). Data are
available from 1 January 1948 to the present, which allows many more cases to be
considered than with the NARR data. Horizontal grid spacing is 2.5° latitude-by-
longitude, with 17 vertical levels. The process of optimal interpolation-based quality
control (Woollen 1991; Woollen et al. 1994) removes observations that are spatially and
temporally inconsistent with the grid spacing present in the NNRP dataset. This
procedure minimizes subsynoptic-scale features from the dataset, as the horizontal and
vertical grid spacing is of the synoptic scale (e.g., Orlanski 1975). The NNRP data were

converted to a 31-layer, 150x100 50-km Lambert conformal grid centered on the
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CONUS?, using the same method as for the NARR data. The reasons for the differences
in the converted grids are discussed in the following subsection.
2) The analysis techniques

The PCA method (Fig. 2.1) uses vector fields of meteorological variables, which
are mapped from a loading matrix that is column orthogonal, individually or in
combination. The PC loadings represent a compact representation of the variance
structure of the similarity matrix of a sample of data. The assumptions are (1) that the
information in the similarity matrix is statistically reliable representing the coherent
signal in the data which, in turn, assumes that sufficient sampling of recurring patterns in
the data exists to generate a stable variance structure’ and (2) that the relationships among
the variables are largely linear. For the present study, a subdomain of the reanalysis
fields positioned at the center of the outbreak is obtained. The center of the outbreak was
assumed to be the median latitude and median longitude of all reports within six hours of
the outbreak valid time. The subdomain contains 441 grid points (21x21), shown to be of
practical size in previous work (M09). One of the advantages of using relatively coarse
grids is that a larger area centered on the outbreak can be analyzed with the PCA method
without additional computational demand. That is, when a subdomain of the same x- and
y-dimensions is selected for the PCA method using the NARR and NNRP datasets, the
subdomain for the NNRP dataset will comprise a larger area than that of the NARR

subdomain.

* Although the data were converted to lower horizontal grid spacing, this does not mean additional
information was extracted, by definition. The conversions of the NARR and NNRP data to Lambert
conformal grids allowed for relatively simple comparison using the same map projection.

? It will be shown later in this section that this assumption likely is not met in the present work.
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S10b (their Section 2d) found that increasing the size of the subdomain, so that a
larger area surrounding the observed outbreak center was analyzed, did not change the
results in a statistically significant manner. This was true despite the relatively small size
of the domain (25 600 km?) and without accounting for phase/timing errors of a model’s
forecast location of the outbreak. The latter is not a factor in this study, as I am looking
at reanalysis fields valid at the time of the outbreak (rather than model forecast fields).
Thus, one should expect the small size of the NARR subdomain compared to the NNRP
subdomain to be of limited concern. As in S10b, preliminary tests indicate that changing
the NARR subdomain to 41x41 in this study does not alter the results in a statistically
significant manner (not shown). Therefore, the objective is to compare the NARR and
NNRP datasets using the same dimensions (number of grid points) of the data matrix and
not of the same region within the subdomain.”

Next, the 441 grid points for each of the n variables to be analyzed are converted
to an M x (441 x n) data matrix, where M is the total number of cases. The correlation
matrix of the S-mode decomposition (Richman 1986) is computed and is of size (441 x n)
X (441 x n), which results in increased computational demand when using larger
subdomains or multiple variables in the analysis. Once the number of eigenvalues to
retain is computed, the principal component scores matrix is used as the input matrix for
statistical algorithms used to discriminate major severe weather outbreaks from less
significant events (see the following subsection). These scores correspond to linear
combinations of the PC loading fields, which contain information on the gradients of the

variables.

* However, for completeness, I also will be comparing NARR and NNRP data with the same grid spacing.
See Section 2c.
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The areal coverage technique is a much simpler approach. For each outbreak day,
the number of grid points exceeding a specified threshold for a particular variable or
combination of variables is determined to be the areal coverage.” As S10a observed,
using these values led to some undesirable results. For example, grid points over water
initially were included, leading to large areas of parameters favorable for severe weather
over the Atlantic Ocean and the Gulf of Mexico on some days where no severe weather
could actually be observed. Water points were excluded hereafter. Some severe weather
parameters, notably indices such as EHI, SCP, and STP (see Doswell and Schultz 2006
for a discussion of severe weather indices), were very large on high-CAPE, low-shear
days (which generally are not observed on major tornado outbreak events). As a result of
these tendencies, two types of areal coverage calculations were examined. The
unconstrained values used the original number of grid points. The constrained values
included the sum of grid points exceeding specified thresholds, after excluding all points
with surface-based convective available potential energy (SBCAPE) < 1000 J kg™ and 0-
1 km storm relative environmental helicity (SREH) < 100 m’ s~

Areal coverage was also examined by computing hypothetical storm trajectories
within the region considered to be favorable for significant severe weather. These
pseudo-trajectories were calculated for each grid point within the region, using the 500-
hPa winds to develop forward and backward trajectories. Assuming the winds and the
favorable region were unchanged, the distances and times within the favorable region

were calculated for which a hypothetical storm at each grid point. The sum and mean

> No subdomain is computed for the areal coverage method. The entire domain is used for the calculation
of areal coverage. Furthermore, the areal coverage technique only is computed using NARR data.
Although the values of areal coverage change using NNRP data, the relative areal coverage values are
similar to those of NARR data.
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distances were computed for each outbreak day. Although these storm motions
obviously are crude estimates, these computations are acceptable in comparing each
outbreak to the others (as in S10a).

3) The outbreaks

As NARR data are available from 1979 to the present, the top 30 outbreak days
each year, determined by SD10a, from the period 1970-2006 were considered in this
study (840 cases). An outbreak day was considered to be 1200 UTC on the nominal date
to 1159 UTC the following day. The outbreak valid time was determined subjectively
using the times of each of the reports for the 24-h period.

Outbreak classification was identical to that of S10a. That is, an outbreak day
was considered to be major if the score of the outbreak ranking index selected was
greater than unity. The selection of this value was based on the finding that the mean of
the scores was approximately zero for each of the indices and that the standard deviation
of the scores was approximately 1 for each of the indices. Any score matching or
exceeding the mean plus one standard deviation was classified as a major severe weather
outbreak, and any outbreak below this threshold was considered a null case. This study,
for reasons discussed in S10a, will focus on the N15 index (Fig. 2.2; see SD10a for a
description of the various ranking indices), though results are similar when selecting
alternative indices. SD10a showed that almost every major severe weather outbreak was

a tornado outbreak, whereas the null cases clearly were not tornado outbreaks.®

% As S10a discussed, the selection of the outbreak classification threshold was subjective, based on the
tendency for outbreaks above this threshold to be major tornado outbreaks and events below the threshold
not to be. S10a suggested modifying this threshold to test, and this is discussed at length in Section 4.
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Fig. 2.2. Scores of the N15 index for the 840 cases analyzed in this study.
4) Statistical algorithms

Once the PCA and areal coverage methods were completed for each case, an input
matrix was created. For the PCA method, the input matrix was of the principal
component scores (M x r), where r is the number of retained principal components. For
the areal coverage method, the input matrix was the number of grid points exceeding
predetermined thresholds, or the sum or mean times and distances of hypothetical storm

pseudo-trajectories within the favorable region. This matrix was of size M x p, where p is
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the number of parameters for which the areal coverage is computed. Two sets of
matrices were computed for each method: a training matrix and a testing matrix. The
training input matrix was used to develop the statistical model, and the testing input
matrix was used to provide independent events for evaluating the accuracy and skill of
the statistical models created.

Of the 840 available cases, a subset of 630 randomly selected cases was used for
training, and the remaining cases were used for testing. The selection of 75% of the cases
for training was based on the increasingly poor representativeness of the training set as
the number of cases chosen for training decreased (see Section 3b of S10a for a
discussion). Of course, leaving a small number of cases to test leads to higher
uncertainty with the testing data, and this is discussed in the following sections.

Results were analyzed in two ways. (1) To test the uncertainty of the training
models, a set of 63 cases (10%) was removed randomly from the training cases, and the
training model was developed with the remaining 567 cases.” This procedure was
conducted 25 times. The accuracy and skill of the 25 statistical models were then
evaluated on the same testing data.® These contingency statistics for each of the
statistical models were compared directly to determine training model variability. (2)
The results of the training model using all of the 630 training cases were sampled with
replacement. Bootstrap confidence intervals (Efron and Tibshirani 1993) were analyzed

to assess the uncertainty of the model diagnoses of the testing data.

7 As discussed in S10a, the removal of 10% of the cases was a compromise. Removing a larger proportion
of cases led to reduced accuracy and skill of the training model, whereas removing a smaller proportion of
cases led to substantially larger uncertainty in the statistics.

¥ Increasing the number of statistical models from the selection of 25 yielded similar findings. Thus,
selection of a relatively small number of statistical models was preferred as computational demand is
lower. As the purpose of this analysis was to gain a general sense of statistical model variability, a large
number of statistical models was deemed unnecessary.
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Table 2.1. Statistical algorithms and identification numbers in the relevant figures for
this section.

Statistical Algorithm ID
Number

Linear discriminant analysis (multivariate normal density; pooled 1

covariance estimate)

Quadratic discriminant analysis 2

(multivariate normal density; covariance estimates stratified by groups)

Linear discriminant analysis 3

(multivariate normal density; diagonal covariance matrix estimates — naive
Bayes classifiers)

Quadratic discriminant analysis 4
(multivariate normal density; diagonal covariance matrix estimates — naive
Bayes classifiers)

Decision trees 5

Support vector machines (SVMs) — radial basis kernel function (RBF); 6
quadratic programming (QP)

SVMs — linear; QP 7
SVMs — quadratic polynomial; QP 8
SVMs — third-order polynomial; QP 9
SVMs — RBF; minimal sequential optimization 10

Based on the small sample size of the testing data, relatively large uncertainty was
expected and observed, as the following sections will show. The same ten statistical
techniques as used in S10a are used for this study as well (Table 2.1). Using several
statistical techniques permitted investigation of deficiencies with particular methods of
statistical modeling or with particular combinations of meteorological covariates.

Several binary contingency statistics were analyzed. These included the hit rate
(HR), probability of detection (POD), false alarm ratio (FAR), probability of false
detection (POFD), critical success index (CSI), Heidke’s skill score (HSS), Peirce’s skill
score (PSS), Clayton’s skill score (CSS), and Gilbert’s skill score (GSS). These statistics
are discussed in Doswell et al. (1990), Wilks (1995), Murphy (1996), Richardson (2000),

Wandishin and Brooks (2002), and many others. The selection of these statistics and
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their equations are discussed in S10a. Results in this study will focus on HR, POD, FAR,
CSI, PSS, and HSS.

The meteorological variables analyzed in this study were identical to those of
S10b (their Table 4). Although combinations of covariates were analyzed in this work,
only results for individual variables will be presented here, owing to space constraints
and only minimal observed improvement in contingency scores with inclusion of
multiple predictors. Finally, as this study compares the ability to distinguish outbreak
types using the PCA and areal coverage methods, and using the PCA method with NNRP
and NARR data, this is a diagnostic study. The meteorological covariates used in this
study cannot be assumed to be forecast parameters and are not forecast diagnostic
variables (Doswell and Schultz 2006).
c. Comparing NNRP and NARR using the PCA method
1) The training models

Using the significant tornado parameter (STP; Thompson et al. 2003) as an
example meteorological field to be analyzed for discriminating major severe weather
outbreaks from less significant events (with this categorization based on the N15 index),
the PCA method reveals similar results using NARR data (Fig. 2.3) and NNRP data (Fig.
2.4). Specifically, the HR and FAR using either reanalysis were generally in the 0.7-0.8
range, with CSIs generally between 0.2 and 0.3. The POD was subject to relatively large
variability, which is expected, given that the number of major severe weather outbreaks is
much lower than that of the null cases. The PSS and HSS appeared to be generally
higher for the NNRP dataset, though the best-performing statistical models featured

quantitatively similar scores between the reanalysis datasets.
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Fig. 2.3. Contingency statistics (labeled) for each of the 25 training models developed,
when tested on the same set of 210 independent cases. Redundant statistics are overlain
on the same values. Results are for the NARR STP fields at the outbreak valid time.
Classification of outbreaks is based on the N15 index scores. Each statistical model is
labeled on the x-axis and is identified in Table 2.1.

Variability among the 25 statistical models was small but not negligible. For HR,

FAR, and CSI, variations of the scores generally were around 0.05, whereas skill scores
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Fig. 2.4. Asin Fig. 2.3, using the NNRP STP fields.
ranged from 0.05 to 0.1. Differences in the ranges of the statistics between NNRP and
NARR data were minor (generally on the order of 0.05), with some exceptions. For

example, the training models using decision trees featured limited variability when using
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Fig. 2.5. Peirce skill scores of the PCA method for (a) SCP, (b) 0-1 km EHI, (c)
SBCAPE, and (d) LCL using NARR data at the valid times of the outbreaks. Statistical
models labeled on the x-axis as identified in Table 2.1.
the NARR data but pronounced variability using NNRP data. Additionally, differences
were not universal among all meteorological covariates (e.g., Figs. 2.5-2.7).
Qualitatively, some statistical algorithms appeared to distinguish the major severe
weather outbreaks somewhat better than others. For example, analyzing STP with the
NARR data, LDA, the decision tree, and the SVM with polynomial kernel functions
performed well compared to QDA and the SVMs using the radial basis kernel function
(refer to Table 2.1 for statistical algorithm abbreviations). When using the NNRP data,

LDA and the SVM incorporating the linear kernel function performed somewhat better

than the other statistical algorithms. These results may be indicative of noise that
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Fig. 2.6. Asin Fig. 2.5, using NNRP data.
prevents nonlinear techniques from generalizing adequately to diagnose independent data
accurately. However, these differences among the statistical models are not universal
when analyzing other meteorological covariates. For example, the statistics for the
SVMs with radial basis kernel functions perform somewhat better than for the SVMs
with polynomial kernel functions for LCL but not for SBCAPE and 0-1 km EHI (Fig.
2.4). Additionally, using the SVM with the linear kernel function results in statistics
similar to SVMs with higher-order polynomial kernel functions for SBCAPE and LCL
but not for SCP and EHI.

These findings suggest that no statistical algorithm used in this study is

universally superior to the others. Moreover, multiple algorithms should be tested for
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Fig. 2.7. (a) Peirce skill scores of the 25 statistical models for the PCA method, using
NARR data valid at the time of the outbreaks, for the mean sea level pressure fields. (b)
As in (a), using NNRP data. (c¢) Asin (a), for the 850-hPa geopotential heights. (d) As
in (c), using NNRP data. (e) As in (a), for the 850-hPa wind speeds. (f) As in (e), using
NNRP data. Statistical algorithms labeled on the x-axis and identified in Table 2.1.

every parameter (meteorological covariate) analyzed because of parameter-to-parameter

variability with the relative performance of the discriminating algorithms. Because the
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analysis of the variability of the training models is limited to that of 25 statistical models
per algorithm and because uncertainty in the testing data is large (see the following
subsection), preference of a particular statistical technique for a particular meteorological
covariate is a dubious task.” Moreover, computation of a sufficient number of models for
confidence interval comparison is possible but computationally intractable (Section 2b).
The STP was among the meteorological covariates that performed relatively well
(i.e., statistical models with average PSS > 0.4). This was true for the NARR (cf. Figs.
2.3 and 2.5) and NNRP (cf. Figs. 2.4 and 2.6) datasets. Other variables performing
reasonably well included the supercell composite parameter (SCP; Thompson et al.
2003), the energy-helicity index (EHI; Hart and Korotky 1991), storm-relative
environmental helicity (SREH; Davies-Jones et al. 1990), and low-level and deep-layer
bulk shear (Bunkers 2002). Thermodynamic instability parameters, such as CAPE and
the lifting condensation level (LCL), performed relatively poorly, which agrees with
numerous previous studies focused on discriminating storm types (e.g., Johns et al. 1993;
Rasmussen and Blanchard 1998; Monteverdi et al. 2003) or outbreak types (S09). As
discussed in S10b, synoptic parameters such as mean sea-level pressure (MSLP), 850-
hPa geopotential heights (H850), and 850-hPa wind speeds (S850) also performed
reasonably well (cf. Figs. 2.5 and 2.7). Finally, the variability of scores with the 25
statistical models was larger with some parameters than with others. The ranges of PSSs

of the 25 statistical models for some variables exceeded 0.2, depending on the statistical

’ However, some of the techniques could be excluded from the analysis. For example, the relatively high
variability of the decision tree models with some covariates suggests susceptibility to overfitting, even after
pruning. This tendency, and a lack of evidence showing statistically significant superiority over other
algorithms in most analyses, may provide sufficient reasoning for its exclusion in general.
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Fig. 2.8. Asin Fig. 2.3, analyzing SBCAPE rather than STP.
algorithm incorporated (Figs. 2.5-2.6). The ranges appeared to be somewhat larger for

the thermodynamic instability parameters, in general.
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Fig. 2.9. Asin Fig. 2.8, using NNRP data.

Comparisons of NNRP and NARR results with other variables were similar to the
findings for STP. For example, the statistics for SBCAPE (Figs. 2.8 and 2.9) were
similar between datasets. Clearly, the results were worse overall for SBCAPE than for

STP (cf. Figs. 2.8 and 2.3; e.g., PSS decreased by 20% on average) and indicated little
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Fig. 2.10. Contingency statistics (labeled) of the testing data, incorporating all of the
training data, for the PCA method. Confidence intervals (95%) are shown using error
bars, with the median of the confidence interval indicated by a black dot. Results are for
the STP fields using the NARR dataset. Statistical algorithms as labeled in Fig. 2.3.
difference in the performance of the PCA method using either reanalysis dataset for the

same variable.
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Fig. 2.11. As in Fig. 2.10, using the NNRP dataset.
2) The testing data

Based on the relatively small number of cases in the testing dataset (210) versus
the number of cases in the training dataset (630), the uncertainty of the contingency

statistics of the testing data was expected to be large. The results of bootstrapping (bias
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corrected and accelerated; Efron and Tibshirani 1993) the contingency statistics of the
testing data using STP fields for the NARR (Fig. 2.10) and NNRP (Fig. 2.11) datasets
confirmed this expectation. The 95% confidence intervals (Cls) for HR commonly
ranged near 10%, with FARs and CSIs ranging from 20-30%, the skill scores ranging 25-
35%, and PODs ranging up to 40%. The limitation of a small sample size for the testing
data was exacerbated by the rare-events nature of the dataset, with only approximately
15% of the test cases qualifying as major severe weather outbreaks. The observed
variability of the statistical models for POD also was evident for the testing data owing to
the small number of major outbreak days in the sample. Unfortunately, S10a showed that
decreasing the ratio of training cases to testing cases decreased representativeness, which
generally leads to decreased accuracy and skill of the statistical models.

The CIs between the NARR and NNRP datasets for the same analyzed variables
clearly overlap in virtually all cases. The medians of the CIs among the statistical
algorithms and between the reanalysis datasets are quite close. Uncertainty would have
to be very low for statistical significance to be observed. However, as uncertainty is
quite large, no statistical algorithm appears to have a statistically significant advantage
using the STP field as the meteorological covariate. Additionally, a more fundamental
complication may be present here. Based on the sample size concerns discussed in S10a,
the uncertainty of the actual means or medians (of the bootstrap samples) of the
contingency statistics for the testing data may be large, rendering any conclusions
regarding preference of statistical algorithm dubious.

The results observed with STP are consistent with all other severe weather and

synoptic meteorological variables tested. Additionally, the variables observed to perform
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Fig. 2.12. Peirce skill scores using the PCA method on the NARR dataset for (a) STP,
(b) SCP, (c) SBCAPE, and (d) LCL fields at the valid times of the outbreaks. Confidence
intervals and medians as shown in Fig. 2.10. Statistical algorithms as labeled in Fig. 2.3.
somewhat better when testing the variability of the statistical models were found to
perform better when analyzing testing data uncertainty. However, given the large
uncertainty in the results, statistical significance was not always observed (e.g., compare
PSS CIs for STP, SCP, SBCAPE, and LCL in Fig. 2.12).
3) Comparing NNRP and NARR results using the same grid spacing

An additional method for comparing the NNRP and NARR results includes
analyzing subdomains of the same size and grid spacing. The advantage of using a

coarse grid means that a large area surrounding the outbreak can be analyzed without

additional computational demand; however, comparing grids of the same size and grid
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Fig. 2.13. Contingency statistics (labeled) of 25 statistical models developed as subsets

of the training data, using the PCA method and STP as the meteorological covariate. For
(a), (c), and (e), the NARR 18-km subdomains were analyzed. For (b), (d), and (f), the
NNRP 18-km subdomains were analyzed. Statistical values that are repeated are overlain

on the previous results.

spacing, using data of lower resolution (NNRP) versus data of higher resolution (NARR)

interpolated to the same grid, can provide insight into how much additional beneficial
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information higher-resolution data provide discriminating outbreaks. For this analysis,
the NNRP data were bilinearly interpolated to a 300x200 18-km grid positioned exactly
as that of the NARR data, and the subdomain selected for analysis was identical to that of
the NARR analysis.

The variability among the training models between the NARR and NNRP datasets
was relatively similar (e.g., using STP as the meteorological covariate; Fig. 2.13).
Although overall there were slightly larger ranges of the statistics using the NNRP
dataset, this was not always true for every statistic and for every statistical algorithm.
This comparison also demonstrates the variable relative performance of the statistical
algorithms. For example, comparing the SVMs using linear and polynomial kernel
functions (models 7-9), skill scores for the NARR data are relatively high for the second-
and third-order polynomial kernel functions (models 8 and 9; Fig. 2.13¢), whereas their
relative utility using NNRP data is reduced (Fig. 2.13f). Finally, the values of the
statistics, overall, are quite similar between the datasets — implying little additional
discrimination capability using the higher-resolution NARR dataset. Although not
shown, this was true for nearly all of the variables analyzed.

Comparison of the 95% ClIs of the contingency statistics for the testing data
between the NNRP and NARR results using STP show few differences in the medians
and the ranges of the CIs (Fig. 2.14). Aside from some differences among the statistical
algorithms (e.g., the noticeably worse performance of the decision trees and the SVMs
with higher-dimensional kernel functions for the NNRP data, possibly because of noise
hampering the performance of nonlinear discrimination techniques), the statistics are

overall in good agreement. Although the uncertainty is large for testing data, the results
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Fig. 2.14. Bootstrap 95% confidence intervals of various contingency statistics of the
testing data using the STP field and the principal component analysis technique, when
training the 10 statistical algorithms (labeled as in Fig. 2.3, identified in Table 2.1) on the
entire set of training cases. For (a), (¢), and (e), the NARR dataset was used with 18-km
grid spacing. For (b), (d), and (f), the NNRP dataset was used with 18-km grid spacing.
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between the NARR and NNRP data are remarkably similar, suggesting there is little
benefit in using a high-resolution dataset to identify major severe weather outbreaks
using the PCA method.

4) Discussion

These results show no clear advantage of using an enhanced spatial resolution
reanalysis dataset when discriminating major severe weather outbreaks from less
significant events using the PCA method. Obviously, this result may not be true and
should not be assumed for other types of outbreak discrimination or other techniques
employed to discriminate these events. Additionally, our study only compares NNRP
and NARR data. As the types of data included in the two reanalysis datasets are similar
(e.g., atmospheric soundings and surface observations) and of relatively large scales, the
relative lack of improvement in outbreak discrimination may not be surprising. A higher-
resolution reanalysis dataset does not necessarily provide additional fine-scale
information if the data incorporated into it cannot resolve finer-scale meteorological
processes.

Additionally, the relatively small sample size of the testing data may be a factor in
the similar results of the two reanalysis datasets. However, given the relatively similar
medians of the 95% Cls for the testing data and the comparable results using 25 statistical
models for both of the reanalysis datasets, the findings suggest that differences in
discrimination capability are small between the two datasets. As a result, outbreak
discrimination may not require high-resolution model initializations. This remains
untested in the current work and is beyond the scope of this study. However, past work

in outbreak discrimination (S09; M09) certainly supports this possibility.
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Fig. 2.15. Peirce skill scores of 25 statistical models on the 210 testing cases, using
NARR data at the valid outbreak times, for (a) the PCA method using the STP field, (b)
the areal coverage method using the constrained STP (see text for description), (c) the
PCA method using the SCP field, (d) the areal coverage method using the mean
hypothetical storm distance within regions where STP > 1, (e) the PCA method using
850-hPa geopotential height fields, and (f) the areal coverage method using grid points in
which SBCAPE > 1000 J kg™ and 0-1 km SREH > 100 m” s, Statistical algorithms
labeled as in Fig. 2.3.
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d. Comparing the PCA and areal coverage methods

Next, the results using the PCA and areal coverage methods are compared, using
the same two approaches used in the previous section.
1) The training models

A set of 25 statistical models for each of ten statistical algorithms was compared
between the PCA and areal coverage methods. The purpose here is the same as that of
Section 2c. Comparisons of the variability of the statistical models and of the overall
accuracy and skill when tested on the same 210 cases were conducted. When comparing
the PCA and areal coverage methods, the NARR dataset was used exclusively. The
objective of this portion of the project was to compare methods of discrimination.

The STP, SCP, and 850-hPa geopotential height fields using the PCA method
were compared to various areal coverage computations, in which the N15 index was used
to categorize the outbreaks (Fig. 2.15). For the constrained STP (Fig. 2.15b), the sum of
the grid points in which STP > 1, SBCAPE > 1000 J kg™, and 0-1 km SREH > 100 m” s
was computed for each outbreak day at the valid time of the outbreak. For the mean
storm distance (Fig. 2.15d), the average distance traversed by a hypothetical storm over
each grid point within the region in which STP > 1 was computed. For the SBCAPE and
SREH constraints (Fig. 2.15f), the sum of the grid points in which SBCAPE > 1000 J kg™
and SREH > 100 m” s was computed.'”

Comparison of the PSSs for 25 statistical models using the PCA and areal
coverage methods indicated the following: (1) There were some meteorological

variables in which the areal coverage method performed similarly to the PCA method.

' Other areal coverage thresholds were tested besides those discussed in this section. Results using
different thresholds (not shown) generally were similar to or worse than those discussed in the paper.
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For example, using mean hypothetical storm distance within the region in which STP > 1
resulted in similar PSSs to the SCP and 850-hPa geopotential height fields (cf. Figs.
2.15c-e). (2) The variability of the statistics for the 25 training models is generally
similar or lower for the areal coverage method than for the PCA method. (3) As with the
PCA method, statistical model results are not always similar, and relative performance
can vary with meteorological parameter selection. For example, the higher-order
polynomial kernels using the SVM statistical algorithm have noticeably higher PSSs for
the constrained STP compared to the other algorithms (Fig. 2.15b). This was not the
case, however, when using SBCAPE and SREH thresholds in combination (Fig. 2.15f).
These three findings were true for various contingency statistics and for a number of
meteorological covariates.
2) The testing data

As observed comparing NARR and NNRP datasets using the PCA method,
bootstrapping the contingency statistics of the testing data for the PCA and areal
coverage methods resulted in large 95% Cls as a result of the relatively small sample of
cases (e.g., Fig. 2.16). However, results among the best performing meteorological
parameters were similar between the two techniques, for a variety of contingency
statistics. Comparisons of the STP fields using the PCA method versus the mean
hypothetical storm distances within the region in which STP > 1 found accuracy (HR;
Figs. 2.16a,b) and skill scores (PSS; Figs. 2.16e,f) that were reasonably close, well within
the CIs of the alternative technique. Discrepancies in POD (not shown) and FAR (Figs.
2.16c¢,d) were somewhat larger, although the median statistics generally remained within

the CIs of the other method. Once again, the POD and, to a lesser extent, the FAR were
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Fig. 2.16. Bootstrap 95% confidence intervals of various contingency statistics of the
testing data, when training the 10 statistical models (labeled as in Fig. 2.3 identified in

Table 2.1) on the entire set of training cases. The analysis technique, contingency
statistics, and variables selected are labeled as in Fig 2.15.

subject to relatively large variation because of the rare-events nature of the dataset, in

addition to the relatively small sample of testing cases.




3) Discussion

Comparisons of the PCA and areal coverage technique revealed that there was no
obvious preference for choice of technique. The areal coverage method appeared to have
somewhat less variation in the statistical models compared to the PCA method in general,
which is a desirable characteristic. However, some statistical algorithms with some of
the meteorological fields analyzed using the PCA technique featured comparably low
variability. Additionally, the best contingency statistics using the two techniques were
quite similar, despite the relatively large Cls associated with the limited sample available
for the testing data.

Given the relatively comparable performance between the two techniques, there is
little evidence at this point to encourage the use of the relatively complicated PCA
method over the simpler, easily interpretable, and computationally less demanding areal
coverage method. These results agree with previous research investigating
discrimination of tornadic and nontornadic outbreaks (S09; M09). Specifically, the
subjective technique developed by S09 used areal coverage as a means of distinguishing
the events, and the PCA method introduced by M09 produced similar results. The reason
for this is obvious from inspection of Fig. 2.2: the undersampling of a sufficient number
of severe events in the two tails of the distribution to yield meaningful coherent patterns
of variation that are unique to a specific type of severe weather, a basic requirement of
PCA. As Figure 2 in S10a shows, the areal coverage of parameters favorable for severe
weather for the highest-ranked severe weather outbreaks tends to be large and, as a group
of events, tends to have smaller variance than that for the combination of major severe

weather outbreaks and less significant events. However, the small sample of major
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severe weather outbreaks available for training and testing, using both areal coverage and
the PCA method, leads to the possibility of underrepresentation of the environments
associated with major severe weather outbreaks as well as a clear false alarm problem
with either technique (see Figs. 2.16¢,d). This important finding of insufficient sampling
is consistent with previous work (S10a,b) that discrimination analyses to date have been
undersampled for each category.

Note that the index scores greater than 1 or less than -1 occupy only a small
fraction of events in this dataset. Ideally, for discrimination purposes, the N15 curve
would have two relative plateaus of index values in the tails with a sharp descent in the
center (i.e., comparable to the prototypical “logit” curve —
http://en.wikipedia.org/wiki/Logistic_function). However, the N15 curve has a steep
descent in each of the tails and a broad center, indicating no two events in the tails were
similar. This shows that the variance of severe weather report variables, used to rank the
severe weather outbreaks in SD10a, is highest with the highest- and lowest-ranked cases
and relatively minimal for the intermediate events, which agrees with subjective analyses
described in D06 and SD10a. However, this is not observed for severe weather
environments. The nature of the N15 index curve suggests that classification of major
severe weather outbreaks and null events is subject to uncertainty. Section 4 will
approach the discrimination problem differently by varying the threshold used to classify
events as major severe weather outbreaks.

As discussed in SD10a, the lower tail of the rankings for the N15 index (and for
all of the ranking indices developed in their study) is associated with outbreak days with

spatially distinct clusters of severe reports and/or large geographic scatter in the reports.
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A new technique to eliminate these cases from consideration has been introduced (Shafer
and Doswell 2010b; see also Section 3 herein). The results of this study modified the
scores of the ranking indices by providing one of the two plateaus necessary for outbreak
discrimination (removing the lower tail). However, major severe weather outbreaks are
rare events; thus, even for a period as long as 1960-2008 (as is used in Shafer and
Doswell 2010b), developing a ranking scheme with two plateaus is a very challenging
task with the data currently available. The relative severity of, e.g., the 3-4 April 1974
tornado outbreak (Corfidi et al. 2010) compared to the 3 May 1999 tornado outbreak
(Thompson and Edwards 2000), and the exceedingly rare nature of these events in the
past 50+ years suggests such a ranking scheme is unlikely to agree with subjective
notions regarding major severe weather outbreaks. The fact than an event comparable to
that of 3-4 April 1974 has not occurred since then is a clear indication of the
undersampling problem. Therefore, the task of discriminating severe weather outbreaks
likely will continue to be difficult for the foreseeable future and will depend on improved
observations and increased physical understanding of these events.
e. Reasons for and implications of the findings

This study compared two reanalysis datasets and two techniques for
discriminating major severe weather outbreaks from less significant events. The NNRP
dataset, with horizontal and vertical grid spacing consistent with the synoptic scale, was
compared to the NARR dataset, with grid spacing consistent with subsynoptic-scale
phenomena. The PCA method, a data mining technique that examines meteorological
fields in the vicinity of the outbreak, was compared to the areal coverage technique,

which computes the size of the region considered favorable for significant severe
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weather. Our findings show that there is no statistically significant advantage to using
subsynoptic data to distinguish major severe weather outbreaks from less significant
events. Furthermore, the computationally less demanding, easily interpretable, and less
complex areal coverage technique performs as well as the PCA method. The potential
trade-off of using the simpler method is the loss of information on the gradients of the
fields being analyzed. However, in cases where there are not sufficient samples to
identify reliable structures (e.g., in the present work), the simpler areal coverage
technique is preferred.

Major tornado outbreaks are virtually always associated with strong synoptic-
scale systems, and the environments in which these events unfold commonly fit into a
small set of conceptual map types (e.g., Miller 1972; S09). These “synoptically evident”
events (Doswell et al. 1993) typically are associated with large regions of thermodynamic
instability and vertical wind shear supportive of significant severe weather (Brooks et al.
2003b; Hamill et al. 2005). Large regions of favorable severe weather parameters are
easy to diagnose using coarse datasets (e.g., see Hamill et al. 2005), rendering
identification of these days possible using the areal coverage method or with coarse grids
using the PCA method.

Physical understanding regarding tornadogenesis remains elusive. Though we
have associated tornado outbreaks with widespread regions of sufficient thermodynamic
instability and vertical wind shear, other factors are associated with the occurrence or
nonoccurrence of tornado outbreaks. In particular, the effects of mesoscale boundaries,
convective inhibition, and boundary layer moisture content (among other factors) have

been examined and continue to be the focus of current research. Their specific roles in
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tornadogenesis remain unclear, however, and the analysis and prediction of these fields
(especially subsynoptic fields) is imperfect. Furthermore, tornado outbreaks are rare
events, and most studies have focused necessarily on conditions enhancing rather than
mitigating their occurrence (Doswell et al. 2002). Such focus on “events” versus
“nonevents” may lead to an incomplete understanding of what diagnostic variables to
analyze in order to distinguish these events more accurately and skillfully.

One obvious result of the work by S10a and of this study is that the detection of
major severe weather outbreaks typically is associated with a substantial number of false
alarms, agreeing with past work investigating storm environments by Rasmussen and
Blanchard (1998), Doswell and Evans (2003), Thompson et al. (2003), Hamill et al.
(2005), and others. S10a identified particular synoptic patterns that resulted in large
regions of sufficient CAPE and wind shear but failed to produce a large number of
significant tornadoes (their Section 5). Such synoptic-scale map types sometimes feature
midlevel flow oriented parallel to a surface boundary. In the case of zonally-oriented
midlevel flow and surface boundaries (e.g., Fig. 2.17), one or two supercells typically
develop along the (warm or stationary) front — possibly producing tornadoes — before
dissipating outside of the favorable region or developing upscale into a mesoscale
convective system. In the case of meridionally-oriented midlevel flow and surface
boundaries, rapid upscale growth to a squall line is common (e.g., Fig. 2.18; see also Dial
et al. 2010). Nevertheless, a substantial portion of false alarms feature synoptic patterns
and mesoscale fields similar to major tornado outbreaks (S10a, their Fig. 17). The

reasons for the failure to produce a major tornado outbreak in such cases remain elusive.
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Fig. 2.17. (a) Severe reports for the 1 May 2002 outbreak day. Tornado reports as red
dashes or lines, and hail (wind) reports in green (blue) dots. (b) Plot of 500-hPa winds
(speeds above 25 m s™! in filled contours by increments of 10 m s™; barbs in kts) and
geopotential heights (contours in m) valid at 0000 UTC 2 May 2002 using NARR data.
(c) Surface dew point temperature (filled contours in °F), winds (barbs in kts), and mean
sea level pressure (contours in hPa) valid at 0000 UTC 2 May 2002 using NARR data.

Therefore, future work must investigate the differences between the major severe

weather outbreaks and the false alarm cases that are similar in terms of synoptic map type
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Fig. 2.18. As in Fig. 2.17, for the 6 April 2001 outbreak day.

and fields of diagnostic meteorological parameters. Such research should investigate the
meteorological processes that inhibit tornado formation, despite the presence of
seemingly favorable environmental conditions. The capability to “analyze” these
processes using current or newly-proposed diagnostic variables should be addressed in

such studies. Additionally, the identification of systematic differences in the synoptic
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environments preceding events and null cases and the modification of precursor
composite synoptic fields (as in Mercer et al. 2010) in idealized model simulations to
determine what changes bring about the occurrence or absence of widespread tornado
formation is essential for our increased understanding of these events. Finally, the
improvement of techniques to identify outbreak days in the hopes of increasing sample

size, as outlined in SD10a, is necessary. That is the focus of the following section.
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3. Using kernel density estimation to identify, rank, and classify severe weather
outbreak events
a. Introduction

Recent studies have attempted to rank severe weather events using archived
reports of tornadoes, severe winds, wind damage, and hail for the purposes of identifying
prototypical tornado and primarily nontornadic outbreaks (D06) and for determining the
relative severity of outbreaks of any type (SD10a). Both studies used linear-weighted
multivariate indices to rank cases that met initial criteria for their inclusion (e.g., a day in
which seven or more tornadoes occurred was considered for the ranking of tornado
outbreaks in D06). These studies resulted in rankings of severe weather events that
agreed with subjective notions, were reproducible, and turned out to be relatively robust
to modifications of the weights for the multiple variables used to rank the cases.

A complicating factor in the ranking of severe weather outbreaks is the presence
of large geographic scatter of the reports on a subset of the days considered. Such scatter
can manifest itself in various ways (see Fig. 2 in SD10a). For example, some days
feature widely dispersed reports of severe weather throughout the United States. Other
days consist of multiple clusters of severe reports separated by large areas of little or no
observed severe weather. Some days exhibit a combination of the two effects, with a
cluster of severe reports and a large number of widely dispersed reports separated from
the cluster of reports.

As severe weather outbreaks generally are perceived to consist of a large number
of severe reports over a geographically compact region, accounting for days featuring

large geographic scatter is critical for the identification of prototypical outbreak days or
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for the ranking of these events in a way that agrees with these subjective perceptions.
Elimination of these days based solely on the number of reports (as in SD10a) is
ineffective, as many days exhibiting such large geographic scatter also comprise a large
number of severe reports.

D06 introduced a method to account for large geographic scatter, using the
distributions of the latitudes and longitudes of the reports. For both latitude and
longitude, the middle 50% of the distribution (i.e., between the 25" and 75" percentiles)
was used as a range of latitude and longitude (SD10a, their Fig. 3). This results in a
latitude/longitude “box”, the area of which can be parameterized by the product of the
latitude-longitude ranges. A large value suggests substantial geographic scatter, whereas
a small value suggests limited geographic scatter (as suggested by SD10a, their Fig. 3).
D06 defined this as the middle-50% parameter, which was found to be effective in
eliminating appropriate cases from the top rankings of primarily nontornadic outbreaks
(D06) and from the major and intermediate outbreak days (SD10a).

However, both studies raised questions about the middle-50% parameter’s utility.
Specifically, on days with multiple geographically-separated clusters of reports, the
technique treated all of these clusters as one outbreak. Typically, such days feature
multiple synoptic-scale systems, indicating these events should be considered separately
(e.g., Fig. 3.1). The AMS glossary, for example, states tornado outbreaks are associated
with a single synoptic-scale system (Glickman 2000), rendering the combination of
separate clusters as single events undesirable.

The purpose of this study is to consider severe weather events based on clusters of

severe reports on a given day, rather than based on the 24-h period alone, to rank these
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Fig. 3.1. (a) Severe reports on 1 May 1997, with severe wind gusts or wind damage in
blue, severe hail in green, and tornadoes in red. (b) North American Regional
Reanalysis (NARR) 500-hPa wind speeds (filled contours in m s™), winds (barbs in kts),
and geopotential heights (contours in m) valid at 0000 UTC 2 May 1997. (¢c) NARR 0-3
km energy helicity index (EHI) valid at 0000 UTC 2 May 1997.

events based on relative severity, and to classify these events based on the characteristics

of the severe weather reports associated with the particular cluster. Section 3.2 describes

the data and methods used to identify, rank, and classify these severe weather events.
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Section 3.3 demonstrates the characteristics of the techniques on various types of severe
weather report clusters. Section 3.4 details the results of the rankings of the severe
weather events. Section 3.5 presents the findings when classifying the severe weather
events. Section 3.6 summarizes the study and discusses remaining issues associated with
the current work. This work is also discussed in Shafer and Doswell (2010b).

b. Data and methods

As in D06 and SD10a, the Storm Prediction Center severe weather database
(Schaefer and Edwards 1999) was used to obtain the severe reports on each day from
1960-2008. The database includes information on the type of report (tornado, hail, or
straight-line wind), the intensity (e.g., hail size or wind speed) or Fujita-scale rating, and
various geographic and societal aspects of the reports (e.g., location or track, number of
casualties, etc.). The variables considered when ranking the outbreaks were the same as
those in SD10a (their Table 3.1), except for the middle-50% parameter.

Each 24-h period from 1 January 1960 to 31 December 2008 was considered
separately. The period of consideration was 1200 UTC on the nominal date to 1159 UTC
the following day. Any severe weather event that continued past 1200 UTC on the
following day, perhaps for multiple days, was considered separately, though these events
were rare in our dataset.

As the goal of this work was to consider clusters of severe reports as a severe
weather outbreak, rather than just the outbreak day, a technique for overcoming the
limitations of the middle-50% parameter was necessary. The use of kernel density

estimation (KDE; Bowman and Azzalini 1997) was employed for this particular purpose.
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KDE approximates the probability density function at a particular point. Specifically, a

one-dimensional KDE can be represented as the following:
1 n
[ ==3K,x-x) (3.1),
n =

where 7 is the number of severe reports on a given day, K}, is a kernel function, and 4 is a
tunable smoothing parameter (bandwidth). Typically, the kernel function implemented is

Gaussian (e.g., Brooks et al. 1998), and that is the case for this study:

Kh(x_xi)= eXp

_("2;;"‘)2] 3.2).

1
h 27

It can be shown that for multivariate KDE, (6.1) can be represented as:

f(x) = ZlHK (- x “‘)% (3.3),

where d is the number of dimensions. For this study, d was 2, as the severe reports are
reported as latitudes and longitudes. The bandwidth (which can be different for each
dimension, but was not in this study) and the threshold value of the approximated
probability density function (PDF) can be used to determine the reports associated with a
particular geographic cluster. Because d is 2, Eqn. (3.2) is modified for two dimensions
by taking the square of itself [as suggested by Eqn. (3.3)], such that the quantity (x — x;)
becomes a two-dimensional distance.

The observed reports for a given day either were associated with a grid point for
various map projections using objective analysis techniques (as in Brooks et al. 1998), or
were computed as distances from all of the grid points for a particular map projection
directly. Thus, the distance quantity in Eqns. (3.2)-(3.3) either was defined in terms of

grid point separation or in terms of actual distance. The bandwidth is a measure of the
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uncertainty associated with these distances (see Brooks et al. 1998) and requires
modification based on the technique used to identify the clusters of severe reports. As
Section 3.3 will show, differences among the techniques and map projections were
minor, as expected, so long as the bandwidth and PDF thresholds were modified
accordingly."'

If the reports were converted to a grid initially (i.e., positioned at the relevant grid
point that encompasses that location), the KDE was computed for each of the points on
the same map projection the report locations were converted to, and contours of the KDE
were drawn on these projections. This will be referred to as the grid point method
henceforth. On the other hand, if the observations were not converted to a grid initially,
the distances from each grid point of a map projection (of which various types were
considered) to each severe report were calculated, and contours of the KDE were
computed on these projections. This will be referred to as the distance method hereafter.
After selection of bandwidth and PDF threshold value, any point falling on or within the
contour was considered to be associated with the cluster of severe reports.

Modification of a map projection’s grid spacing could be accounted for by
selecting different values of bandwidth and probability thresholds. This was
unnecessary, however, if the quantity (x — x;) was measured in terms of latitude and
longitude, or in terms of direct distances, since the grid spacing would not affect these
values for grid points of various size at the same location. Therefore, the choice of grid

spacing for a map projection is essentially arbitrary'?, though relatively coarse grid

"' Note that the PDF threshold must be modified if the bandwidth is modified, as f{x) is a function of the
bandwidth [see Egs. (3.1)-(3.3)].

"2 This is true so long as the grid spacing is low enough to resolve the severe reports for adequate
representation.
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spacing is preferred because of reduced computational demand. For the latitude-
longitude map projection, 1° grid spacing was used.

After all of the clusters for the 49-year period were identified, a subset of these
cases was removed to eliminate those events with a relatively small number of reports or
relatively sparse coverage within the region determined to be associated with the event.
This was done by calculating two variables for each cluster considered: the total number
of reports within a cluster, and the ratio of reports to grid points associated with the
cluster (hereafter, the density ratio). A cluster was removed from consideration if the
total number of reports within the region associated with the cluster was below the
detrended mean value for all of the clusters for that particular year, or if the density ratio
for the particular cluster was below the detrended mean value for all of the clusters for
that particular year.

As the total number of severe reports in a given year substantially increases from
1960 to 2008 (see Brooks et al. 2003a; Doswell et al. 2005; D06; Verbout et al. 2006;
SD10a), the annual means of the two variables were detrended to account for these
nonmeteorological artifacts. The process of detrending was the same as that incorporated
by D06 and SD10a: a linear regression to the logarithm of the annual means was
computed for each of the variables. The detrended annual mean is the value of the
regression curve for the relevant year. Based on the small values and exponential
increase of the detrended means over the 49-yr period (e.g., Fig. 3.2), a large number of
the clusters on a given year featured a very small number of reports and/or sparse
coverage of the reports within the event region. Unsurprisingly, the number of clusters

on a given year increases from 1960-2008 (not shown), which means the number of cases
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Fig. 3.2. Examples of detrending for the annual mean number of reports for a given
cluster (a) and for the annual mean density ratio (b), when considering all of the clusters
for a particular year. The results are for a latitude-longitude map projection with 1° grid
spacing spanning the conterminous United States, using a bandwidth of unity for each
dimension, and a threshold probability of 0.001 for a grid point to be associated with the

severe weather event.
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considered increases for more recent years. This is a result of the relative lack of
reporting, particularly of nontornadic severe weather or of relatively minor severe
weather events, in the early years of the period included in this study. Thus, although
attempts to account in a relatively simple way for secular changes in the dataset were
implemented, some impact from the changes in reporting is inevitable.

For the remaining cases, annual sums of the severe weather reports included in the
linear-weighted, multivariate indices used to rank and classify the outbreaks (SD10a,
their Table 1) subsequently were tabulated. These sums were divided by the number of
clusters for the relevant year. These “cluster means” then were detrended, if necessary,
in the same manner as in D06 and SD10a (examples in Fig. 3.3). As the values for each
of the variables included in the indices can have markedly different magnitudes, all
variables were standardized (transformed to have zero mean and a standard deviation of

unity):
fi(.f) - X U, , (34)

where the i™ member of the n variables is denoted as x;, and the value of the variable for

the /" member of the m cases is denoted as x'”’. The mean and standard deviation are

defined in their usual manner:

I o)
u, =—>x, (3.5)
»>
and
o, =—— IS - (3.6)
m-1
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Fig. 3.3. Examples of detrending for the annual means of the clusters with total number
of reports and density ratios above the detrended annual means. Variables labeled in
each chart.
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The standardized variable X\’ as computed in Eq. (3.4) is then given a weight w;,

and the final score of the index is given by:

n
~40))
W, X,

JO = A (3.7).

n

w.

i
i=1

Thus, the score of the index is the sum of the products of the weights and standardized
values divided by the sum of the weights. In this manner, it is the relative weights of the
variables that are pertinent. Variables were weighted with values ranging from 0 to 10,
as all of the parameters were associated positively with the significance of severe weather
events.

This method permits modifying the weights, for the computation of several
different indices, to determine if the ranking of the severe weather events is susceptible to
substantial variability. In general, the same weights that were used in SD10a (their
Section 3a) were used in this study as well. However, the density ratio replaced the
middle-50% parameter in this study, and it was given a weight of 3 for each of the indices
(similar to the equivalent treatment of the middle-50% parameter for all of the indices
used in D06 and SD10a).

The techniques used in this study and that of SD10a are intentionally similar, as
the former developed a technique that was relatively simple to implement and easy to
reproduce. Optimality of these methods cannot be shown but is not necessarily required,
as no known “truth” of severe weather outbreak rankings exists. Various other methods
could have been used to detrend the variables, and other types of severe weather reports

could be used in the multivariate indices. See D06 and SD10a for the reasons involved
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Fig. 3.4. Asin Fig. 3.1a, for (a) 29 April 1991, (b) 28 July 2006, (c) 6 June 1981, and (d)
18 July 2006.
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in the selection of the variables used herein and the various methods used in the ranking
of these events.
c. KDE analysis

To identify severe weather events by clusters of severe reports for a given day,
modifying Eqn. (3.3) by changing the bandwidth (%) for a given map projection and
analyzing various threshold values of f{x) were required. Using the grid point method
and a latitude-longitude map projection with 1° grid spacing, analysis of the severe
reports (Fig. 3.4a) and the resultant two-dimensional PDF contour charts for various
modifications of the bandwidth and contour thresholds (Fig. 3.5) illustrate the process.

This day featured three distinct regions of severe weather: the Southeast, the Upper
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Fig. 3.5. Two-dimensional kernel density estimations of the probability density functions
for severe reports from 1200 UTC 29 April 1991 to 1159 UTC 30 April 1991, using
bandwidths of (a) 1, (b) 1.5, (¢), 0.5, and (d) 2 for the latitudinal and longitudinal
directions. These plots use severe reports converted to a latitude-longitude map
projection with 1° grid spacing. The outermost contour is 0.001, and the contour within
the outermost contour (second contour) is 0.005 for each plot.
Midwest, and Deep South Texas. Thus, the selected bandwidth and PDF threshold
should capture these three locations as distinct events. This clearly excludes options with
relatively high bandwidths (Fig. 3.5d), as the low-valued contours indicate the Midwest
and Southeast events as one severe weather region. At the same time, the outermost
contour (the 0.001 threshold) does not enclose the three reports in Deep South Texas.
Conversely, low bandwidths typically result in separate clusters for reports that
are relatively close together. The two regions indicated in the Upper Midwest using
bandwidths of 0.5 for both the latitude and longitude dimensions are undesirable (Fig.

3.5¢), given their relatively close proximity. Though there is some separation of the

reports (Fig. 3.4a), the relatively small distance between these areas suggests distinct
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synoptic-scale systems are not associated with the two regions. Furthermore, the
contours are not smooth, which is also undesirable.

Varying the bandwidth in KDE is analogous to varying the smoothing parameter
used in distance-dependent, weighted-average methods for objective analysis, described
in Barnes (1964; see his Fig. 4 which shows the density of upper air stations using a
Gaussian kernel). The objective, therefore, is to find a range of bandwidths falling in
between the two extremes discussed above (as in Figs. 3.5a,b). In general, lower
bandwidths in this range were preferred, as these had a tendency to include more minor,
isolated events into separate clusters at thresholds that also did not combine regionally
separate severe weather events. Based on Fig. 3.5, bandwidths of 1 for the latitude and
longitude dimensions were preferred over 1.5.

Selection of PDF thresholds primarily was determined by the lowest threshold
that included the most number of reports while also not merging regionally separate
events. For example, in Fig. 3.5d, the second contour (0.005 threshold) would be selected
over the outermost contour (0.001 threshold), as the 0.001 threshold combined the two
regionally separate clusters of reports. However, the 0.005 threshold also does not
enclose all of the reports associated with particular clusters (e.g., the Midwest region; cf.
Figs. 3.4a and 3.5d). Selecting a threshold too high results in separating relatively close
regions, such as the 0.005 threshold (second contour) in Fig. 3.5a.

Of course, bandwidth and threshold selection occurred only after analyzing a
large number of cases. An analysis of additional cases shows that the bandwidth of 1 and
the threshold of 0.001 (outermost contour; Figs. 3.6a,c,e) are reasonable selections for

various types of events. For example, as shown in Fig. 3.4b on 28 July 2006, distinct
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Fig. 3.6. (a) Asin Fig. 3.5a, for 28 July 2006. (b) As in Fig. 3.5b, for 28 July 2006. (c)
As in (a), for 6 June 1981. (d) Asin (b), for 6 June 1981. (e) Asin (a), for 18 July
2006. (f) As in (b), for 18 July 2006.

regions of reports are observed near Lake Superior and the East Coast, with dispersed
reports in the central and southern plains and a small cluster in the Southwest.
Bandwidths of 1 to 1.5 with thresholds near 0.001 identify the two clusters with large
numbers of reports well with limited coverage of the reports in the central and southern
plains (Figs. 3.6a,b). On 6 June 1981, relatively few severe reports were scattered

through the northern High Plains, Southeast, and Northeast (Fig. 3.4c). The two-

dimensional PDFs were quite different between the two bandwidths, with the smaller
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bandwidth associated with a larger number of clusters (Figs. 3.6¢,d). Preference for one
bandwidth over the other is not obvious here; however, the initial criteria for event
consideration when ranking and classifying the outbreaks (see Sections 6b and 6d) would
eliminate these clusters in either case. The number of reports within each cluster is small
using the bandwidth of 1, and the density ratio of each cluster is small using the
bandwidth of 1.5.

On 18 July 2006, numerous severe reports were observed over much of the
eastern US, with a small, separate cluster in Alabama and Mississippi (Fig. 3.4d).
Widely dispersed reports were observed in the plains, and a small cluster of reports was
observed in southern Arizona. The separate cluster in Alabama and Mississippi was
identified using a bandwidth of 1, as well as the cluster in Arizona (Fig. 3.6e). This was
not the case for the bandwidth of 1.5, unless the PDF threshold was increased for the
Southeast cluster and decreased for the Arizona cluster (Fig. 3.6f). Cases like these
appear to be handled somewhat more appropriately by the lower bandwidth, resulting in
its selection for the latitude-longitude map projection with 1° grid spacing.

Using a different map projection required modifications to bandwidth and PDF
threshold selection, if the distance quantities were defined in terms of grid points (rather
than latitudes and longitudes, or distances between the grid point and the location of the
severe report). For example, a Lambert conformal projection with 54-km grid spacing,
using the grid point method, also was conducted to compute KDE estimates of severe
weather clusters for each day in the 49-yr period (Fig. 3.7). If the bandwidth and PDF
threshold were identical (in magnitude) to that of the latitude-longitude projection, the

results were markedly different (cf. Figs. 3.5a and 3.7a). These differences were
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Fig. 3.7. Asin Fig. 3.5, using the grid point method and a Lambert conformal projection
with 54-km grid spacing, with a bandwidth of (a) 1, (b) 5, and (¢) 2.5. Shading begins
with a threshold of 0.001. (d) As in (c), with shading beginning with a threshold of
0.00025.

anticipated, as the grid boxes and the grid spacing were different for the two projections.
Essentially, the Lambert conformal projection (with lower grid spacing) required a
substantially higher bandwidth and a lower PDF threshold to replicate the characteristics
of the latitude-longitude projection (Fig. 3.7d).

Using relatively high bandwidths for the Lambert conformal projection resulted in
characteristic shapes that did not match the reports well (cf. Figs. 3.4a and 3.7b),
indicative of too much smoothing. Using a bandwidth of 2.5 for the Lambert conformal
projection seemed to replicate the characteristic shapes of the two biggest clusters for the
latitude-longitude map projection well (cf. Figs. 3.5a and 3.7c¢), but the PDF threshold of

0.001 did not capture the reports in Deep South Texas. Lowering the threshold to

0.00025 (Fig. 3.7d) solved this problem, and the coverage for each of the three clusters
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was quite similar to that of the latitude-longitude projection with a bandwidth of 1 and
PDF threshold of 0.001. Note that these changes to the bandwidth are similar to the
changes in grid spacing between the two map projections. A 1° latitude-longitude
projection is generally on the order of 100—150-km grid spacing. This is approximately
2-2.5 times the grid spacing of the Lambert conformal projection. As the magnitude of
the bandwidth for the Lambert conformal projection is increased by a factor of 2-2.5, the
PDF threshold is approximately 1/4-1/6 of its value for the latitude-longitude projection.
This finding indicates that the selection of alternative map projections should not change
the results substantially, if the bandwidth and PDF threshold are changed accordingly.

Finally, the differences between initially converting the severe reports to grid
point values and computing the distances between these grid point values and each of the
grid points to the distances (in km) between the grid point coordinates of a selected map
projection to the actual point locations of each severe report (the distance method) are
also quite minor (Fig. 3.8). Thus, initially converting the severe reports to a grid did not
alter the areal coverage of a severe weather cluster substantially, as long as the
bandwidth and PDF threshold were modified accordingly. Because of this finding, the
results for the grid point method, using the latitude-longitude map projection, will be
discussed for the rest of the paper.

The selection of the bandwidth and PDF thresholds clearly is subjective.
However, the objective of reproducibility for ranking and classifying severe weather
outbreaks is met, provided the same bandwidth and PDF thresholds are used.
Furthermore, selection of slightly different values would not alter the results substantially

for the most significant severe weather events. For example, if a bandwidth of 1 or 1.5 is
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Fig. 3.8. Scatter plots showing the grid points that exceed a specified probability density
function threshold using kernel density estimation of the severe reports from 1200 UTC
29 April 1991 to 1159 UTC 30 April 1991. In (a), the grid point method (see relevant
text) is used, with a latitude-longitude projection with 1° grid spacing, a bandwidth of 1,
and a PDF threshold of 0.001. In (b), the grid point method is used, with a Lambert
conformal projection, 54-km grid spacing, a bandwidth of 2.5, and a PDF threshold of
0.0003. In (c), the distance method (see relevant text) is used, with a latitude-longitude
projection, 1° grid spacing, a bandwidth of 150 km, and a PDF threshold of 0.00014.
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chosen using the latitude-longitude projection, the areas enclosed by the 0.001 PDF
threshold are quite similar for the two most significant events on 28 July 2006 (e.g., see
Figs. 3.6a,b). The results generally are reasonably robust to modifications of the
bandwidth and PDF threshold selections, so long as these selections avoid the tendencies
shown in Figs. 3.5¢,d.

The final step in the KDE analysis is to eliminate the cases that would not be
classified readily as a severe weather event or outbreak. The criteria for such elimination
were selected somewhat arbitrarily, but the objective was to remove cases with relatively
sparse coverage of reports within a cluster or with relatively few reports within a cluster.
These cases, in addition to not qualifying as significant severe weather events, also
tended to be handled more variably by the KDE scheme (e.g., cf. Figs. 3.6¢c,d).

Any cluster in which the number of reports within the region was less than the
detrended annual mean number of reports for a cluster or the density ratio was less than
the detrended annual mean for a cluster was removed from consideration (refer to Fig.
3.3). The detrended annual mean number of reports for a cluster was small (from ~5 in
1960 to ~43 in 2008), as desired, to ensure that as many cases considered to be significant
severe weather events as possible were included. For the latitude-longitude map
projection with 1° grid spacing, using a bandwidth of 1 and a PDF threshold of 0.001, a
total of 6072 cases were retained.

d. Outbreak rankings

After removal of the report clusters consisting of few reports or sparse coverage,

annual means of the variables used in the linear-weighted multivariate indices to rank the

outbreaks were computed (i.e., the average value per cluster for a particular year).
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Variables with secular trends in the annual means were detrended (e.g., Fig. 3.3). Each
variable (detrended or otherwise) was standardized as in Egs. (3.1)-(3.3), and the scores
for each cluster were computed as in Eq. (3.4). The relative weights of the variables were
altered to develop 26 indices, with the weights equivalent to those of SD10a (their Fig.
4), with the same notation. As Section 3b discussed, the middle-50% parameter was
replaced by the density ratio, and the density ratio was given a weight of 3 for each of the
26 indices.

As explained in SD10a, there are essentially two sets of indices. The first set,
which includes indices NO-N16 and N20, gives nonzero weights for all of the tornado
variables.” These will be referred to as the “all-tornado indices”. The second set, which
includes N17-N19 and N21-N25, gives nonzero weights to only two of the tornado
variables (which are changed among the indices). These will be referred to as the “two-
tornado indices”. The reasons for developing these two sets of indices include an
investigation of the volatility of the rankings when a large number of the variables are
removed, to counteract a negative bias for severe report clusters with a large number of
significant nontornadic events, and to determine the additional explanatory power of
highly-correlated tornado variables. Within the two sets of indices, modifications to the
weights investigated the preference toward particular tornado variables and the changes
in the rankings when giving significant nontornadic reports relatively high weights. The
reader is referred to SD10a for more explanation regarding the choice of variables and
their weights.

The scores for each of the 6072 cases obtained using the grid point method for the

latitude-longitude projection were computed for all 26 indices (Fig. 3.9). There were

" The NO index is the control, in which each variable is given equal weight.
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Fig. 3.9. (a) The index scores (y-axis) and rankings (x-axis) of each of the 6072 cases for
each of the indices in the study (labeled). (b) The deviations (y-axis) of each of the
indices (labeled) from the mean score of all the indices for a particular rank (x-axis).
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Fig. 3.10. (a) The ranking index scores (y-axis) for each of the 26 indices (x-axis; NO=1,
N1=2, etc.) for the top 25 outbreaks based on the rankings of the N15 index. (b) The
rankings for each of the 26 indices [as indicated in (a)] of the top 25 outbreaks based on
the ranking of the N15 index. (c) As in (a), for the bottom 25 cases based on the N15
index. (d) As in (b), using the bottom 25 cases based on the N15 index. Four cases of
each type are in bold for convenience.

three main findings: (1) The highest-scored cases (approximately 250 of them) have a
very steep negative slope, analogous to the first ~200 cases in SD10a and Section 3
herein (cf. Fig. 3.6). The next ~500 cases have a smaller but relatively substantial
negative slope. The final 5250 cases have very small to nearly neutral slopes (analogous
to the middle ~1000 cases in SD10a). The deviations of the individual index scores from
the mean score of all the indices for each rank (Fig. 3.9b) indicate substantial noise and

relatively large deviations for the top 200-250 cases, gradually less noise and smaller

deviations for the next 500 cases, and virtually no noise and small deviations for the final
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Fig. 3.11. (a) Asin Fig. 3.10a, for three specific events (17 April 1995, 20 April 1995, 2
May 1997) as referenced in the text. (b) As in Fig. 3.10b, for the cases in (a).

5000 cases. These tendencies indicated that the rankings of the top cases were relatively
consistent no matter what index was used (e.g., Figs. 3.10a,b), whereas the rankings were
relatively volatile for the lower cases (e.g., Fig. 3.11 — see also SD10a for more details).
(2) None of the curves exhibit a second steep negative-sloped section analogous to the
final ~200 cases in SD10a. This was an intentional outcome of the study. That is, the
cases with substantial geographic scatter and/or relatively few reports for a given event
have been excluded successfully from consideration. (3) Two distinct groups of curves
are present. The group of curves with a steeper slope for the top cases and a more neutral
slope for the remaining cases consists of the all-tornado indices. The other group of
curves comprised the two-tornado indices. These differences are more noticeable than in
SD10a, and are likely a result of the strong correlations among the tornado variables
(their Section 3a). Additionally, the two groups of curves intersect twice. The first
intersection occurs in the high-ranked portion of the cases, and the second occurs at
around the 2500-3000 ranks. These results suggest that the modifications of the weights

within the two groups of indices do not affect the rankings substantially, but removing a
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Fig. 3.12. Asin Fig. 3.1a, for (a) 1 March 1997, (b) 20 June 1974, (c¢) 11 April 2006, and
(d) 18 October 1996.
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subset of the tornado variables from the indices can affect the rankings of the cases
noticeably.

This last point is illustrated with the cases highlighted in Fig. 3.10. The absence
of the 1 March 1997 tornado outbreak (Fig. 3.12a) from the top 25 outbreaks in the two-
tornado indices (N17-N19 and N21-N25) is a result of the relative lack of nontornadic
reports on that day. Some other cases exhibit this behavior (e.g., 15 November 2005),
indicating a potential drawback of removing several tornado variables from
consideration. Interestingly, these days commonly were excluded from consideration in
SD10a because the total number of severe reports was below the top 30 days for that year

(true for both 1 March 1997 and 15 November 2005). The new scheme presented herein
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allows for such days to be considered while simultaneously excluding cases with
excessive geographic scatter.

On the other hand, the presence of the 20 June 1974 severe weather outbreak (not
shown in Fig. 3.10; reports in Fig. 3.12b) in the two-tornado indices and its absence from
the remaining indices (except NO, the control) was a result of a relative lack of tornadoes
but an anomalously large number of wind reports observed on that day. This was
considered herein to be a desirable characteristic of the ranking indices with few tornado
variables included; however, this comes at the cost of placing cases with a large number
of strong tornadoes with relatively few nontornadic reports lower (e.g., the N25 index
places 1 March 1997 as 81%). The selection of the “best” ranking index is dependent on
research goals. If the task is to identify tornado outbreaks and discriminate from all other
events, the indices that include a larger number of tornado variables should be selected.
If the task is to identify significant severe weather outbreaks of any type, emphasizing the
total number of reports and significant nontornadic reports, the selection of indices with
fewer tornado variables is reasonable. Nevertheless, most of the highest-ranked cases
were major tornado outbreaks, no matter which index was used to rank the cases, another
result considered to be desirable.

The volatility of rankings increases for cases below the steep portion of the curves
(Fig. 3.11). For the 20 April 1995, 17 April 1995, and 2 May 1997 severe weather events
(SD10a; their Fig. 10), the rankings are variable within the two groups of indices (e.g.,
the 17 April 1995 cluster had a range of 174 for rankings among indices N13-N16 and
171 for rankings among indices N17-N19, N22, and N25). However, the range widens

substantially between the two groups of indices [e.g., the 17 April 1995 cluster had a high
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ranking of 526 (N17) and a low ranking of 930 (N15) — a range of slightly greater than
400]. Thus, the volatility of rankings between the two groups of indices is more
substantial than within the two groups. However, the cases falling within the strongly-
sloped section of the curves (hereafter, the major severe weather outbreaks) tended to
remain in that section no matter what index within the same group of indices (i.e., the all-
tornado or two-tornado indices) was used. As in SD10a, this finding suggests that
diagnosis or prognosis of the ranking (or index score) of an outbreak is challenging,
whereas the diagnosis or prognosis of an outbreak’s severity based on general location
within the curves (of the scores or rankings) may be more feasible.

Interestingly, the lowest-ranked cases were reasonably consistent no matter what
index was used (Figs. 11c,d). In SD10a, the effectiveness of the middle-50% parameter
was determined to be the reason behind the consistency of the lowest-ranked cases.
These cases are not considered in this study. Instead, the rankings were relatively
consistent because these events had relatively few reports, relatively limited coverage,
and/or a relative lack of significant severe weather (e.g., Figs. 3.12¢,d). Also noticeable
are the dates of these cases. The majority of these cases occur after 1990, as a result of
the relative lack of reporting with similar events prior to this time. As noted earlier,
nonmeteorological artifacts have not been removed completely.

e. Classifying outbreaks

Because of the relative volatility of severe weather event rankings outside of the
extremes, classification of all of these cases based on the characteristics of the severe
reports is appropriate and potentially beneficial for operational forecasters. As in SD10a,

a cluster analysis is performed on the four-dimensional decomposition of the indices. All
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of the variables associated with tornadoes are included in the tornado component, all of
the variables associated with wind are included in the wind component, and all of the
variables associated with hail are included in the hail component. The fourth component
includes the remaining variables (the total number of severe reports of all types, and the
density ratio) and is referred to hereafter as the “miscellaneous” component.

After analyzing several types of cluster analyses, two of the most appropriate
methods were the k-means (sample seeding) cluster analysis (Gong and Richman 1995)
and the Ward’s hierarchical technique (Ward 1963). Analysis of the decomposition using
three-dimensional scatter plots, in which one of the four components is eliminated from
the analysis, allows for simple interpretation of the results. As in SD10a, the N3 and N22
indices will be presented, as the N3 (N22) index is one that incorporates all (a subset) of
the tornado variables. Results of the cluster analysis within the two groups of indices
(i.e., the all-tornado indices and the two-tornado indices) were not substantially different
(not shown).

Analysis of silhouette plots of the k~~-means cluster analyses (Kaufman and
Rousseeuw 1990) for 2-15 clusters indicates that a small number of even-numbered
clusters was favored (i.e., 2, 4, and 6; statistical significance not observed) for the N3
index (Fig. 3.11). The 2-cluster analysis suggests that significant severe weather
outbreaks (in total 872) were clustered separately from the remaining cases (5200).
Although major tornado outbreaks were a substantial proportion of the cases in this
cluster (Fig. 3.13a), significant severe weather of any type was included (Fig. 3.13b). The
3 April 1974 tornado outbreak is an outlier in Fig. 3.13a (reports in Fig. 3.14a). The 21

April 1996 hail-dominant outbreak (Fig. 3.14b) and the 1 July 1994 and 30 May 1998
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Fig. 3.13. Clusters obtained using the four-dimensional decomposition of the N3 index
and k-means cluster analysis. Clusters identified by color, and excluded components of
the analysis are labeled. Cases identified include (1) 3 April 1974, (2) 21 April 1996, (3)
1 July 1994, (4) 30 May 1998, and (5) 20 June 1974. In (c) and (d), hail-dominant events
are shown in shades of green, wind-dominant events are shown in shades of blue, major
tornado outbreaks are shown in red, and mixed-mode events are shown in purple.
wind-dominant outbreaks (Figs. 3.14c,d) are distinct outliers in the four-dimensional
decomposition as well. The 20 June 1974 outbreak (refer to Fig. 3.12b) is a noticeable
outlier when the miscellaneous component is analyzed (Fig. 3.13b), as this component
includes the total number of reports of any type — which is anomalously large for this
case. All of these events are included in the significant severe weather outbreak category.
The 4-cluster analysis indicates the existence of outbreaks that are dominated by

one type of severe weather event (Fig. 3.13c). The major tornado outbreaks (red; 57

cases), hail-dominant outbreaks (green; 887 cases), and wind-dominant outbreaks (blue;
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Fig. 3.14. Asin Fig. 3.1a, for (a) 3 April 1974, (b) 21 April 1996, (c) 1 July 1994, and
(d) 30 May 1998.

340 cases) are similar to the cluster analysis findings in SD10a (their Fig. 11). The
remaining cases are the relatively minor “mixed-mode” events (purple; 4788 cases), in
which little preference for any type of severe report is noted. The four days specified in
Figs. 3.13a and 3.14 are in the classes one would expect in the 4-cluster analysis.

The 6-cluster analysis separates the hail-dominant and wind-dominant groups into
two classes each (Fig. 3.13d). The major events are labeled in bright green (bright blue),
whereas the minor events are identified by darker shades of the respective colors. In this
analysis, there were 47 major tornado outbreaks, 262 major hail-dominant clusters, 104

major wind-dominant clusters, 1002 minor hail-dominant clusters, 806 minor wind-
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dominant clusters, and 3851 minor mixed-mode events. The major events (413 cases)
primarily make up the steep portion of the characteristic curves in Fig. 3.9a.

The k-means cluster analysis of the N22 four-dimensional decomposition is quite
similar (not shown), with the same interpretations of the various clusters for the 2-cluster,
4-cluster, and 6-cluster analyses. Additionally, the number of significant severe weather
outbreaks in the 2-cluster analysis is 889, only 17 more cases than the N3 analysis.
Severe weather events commonly were placed in the same categories no matter which
index was used.

Ward’s hierarchical technique also was found to be relatively reasonable in
categorizing groups of cases into particular types. However, this technique appeared to
group major tornado outbreaks and significant wind events (primarily derechos; see
Johns and Hirt 1987) together (cf. Figs. 3.13c and 3.15c¢), which is undesirable.
Distinguishing tornadoes from derechos has been a focus of several past studies (e.g.,
Stensrud et al. 1997; Doswell and Evans 2003), as the societal impacts of these cases
typically are quite different. The 6-class analyses are relatively similar for the ~-means
and Ward’s techniques (cf. Figs. 3.13d and 3.15d; 78% of cases classified in the same
manner), though the minor hail-dominant and wind-dominant classes for each technique
are quite different (37% and 31% of cases classified identically for these classes
respectively). Several other linkage techniques (e.g., “average” and “single”) were
susceptible to classifying outliers (e.g., 3 April 1974; 11 April 1965; 5 February 2008)
and were considered inappropriate for the purposes of this study. Because of these
findings, the k-means cluster analysis was the preferred technique for classification of

severe weather events based on the characteristics of the severe reports.
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Fig. 3.15. As in Fig. 3.13, using the Ward’s hierarchical clustering technique.

Cluster analysis also was performed on the total one-dimensional scores, for
guidance on possible categorization of severe weather events based on relative severity.
This was performed by taking the average scores of all of the indices for each rank from
1 to 6072 (the same computation used to create Fig. 3.9b). Ward’s hierarchical and -
means cluster analyses were conducted on these scores. Once again, the other
hierarchical techniques were susceptible to categorizing the outlier cases separately and
generally were discounted. Analyses of silhouette plots and dendrograms (not shown)
suggested a low number of clusters were favored. The resulting k-means and Ward’s
cluster analyses (not shown) provided little guidance as to preferential grouping of the

events based on relative severity. The k-means cluster analysis showed high inter-cluster
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variability, and the Ward’s technique identified events ranked higher and lower than the
two regions where the all-tornado and two-tornado ranking indices intersected. The
clusters of the Ward’s technique were indicative of the characteristics of the indices
developed and not of the outbreaks themselves.

Clear distinctions among various groups of severe weather events based on their
relative severity were not found, suggesting that the severity of outbreaks is reminiscent
of a spectrum rather than of separate bins. However, categorical distinction of these
events would be beneficial from a forecasting standpoint and appears to be more feasible
than predicting the index values for these events (Section 4). Thresholds distinguishing
various categories of severity could be determined by testing various index values using
diagnostic or prognostic meteorological variables [such as the energy helicity index (EHI;
Hart and Korotky 1991), the significant tornado parameter (STP; Thompson et al. 2003),
or other individual or combined meteorological parameters] and identifying which
thresholds seem to perform optimally based on predetermined accuracy and/or skill
criteria.

f- Summary and conclusions

This study is a follow-up to that of SD10a, in which a new technique to account
for cases with large geographic scatter or multiple clusters of regionally separated severe
weather reports was introduced, with the goal of developing a way to rank and classify
severe weather events of any type. The technique proposed uses kernel density
estimation to identify regions associated with a particular cluster of severe reports, rather
than the use of the middle-50% parameter introduced in D06. By tuning the bandwidth

and the threshold of the density estimation’s approximation of the two-dimensional
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probability density function, severe reports within these regions were associated with the
cluster. Cases in which the number of reports within the cluster, or the ratio of severe
reports to grid points (based on a specified map projection) within the cluster, was lower
than the detrended mean value on a given year were excluded from consideration. This
process effectively excludes cases that feature large geographic scatter, but includes as
separate events cases in which regionally-separated clusters exist on a given day, which
was a limitation of the work by SD10a.

The selection of map projection and grid spacing should not result in substantial
differences in the regions associated with a particular cluster, as long as modifications to
the bandwidth and probability density function threshold are taken into account. This
permits the use of relatively coarse grid spacing, though values well above 150 km are
likely unwise to implement based on the magnitude of the selected bandwidths. Also,
converting the severe reports to a grid (as in Brooks et al. 1998) versus using the point
values does not change the results of the work in a substantial way.

After the severe weather clusters were identified, the procedure to rank and
classify these events, in terms of severity and the characteristics of the severe reports
respectively, was essentially identical to that of SD10a. The results were also similar, as
major tornado outbreaks were the highest-ranked events. Up to 250 severe weather
events appeared to be distinct from the remaining cases, as evidenced by a very steep
slope for the scores of the indices for these cases (versus a gradual slope for the
remaining cases). The rankings for the highest-ranked cases were relatively similar no
matter which index was used, though important modifications were observed when a

subset of the tornado variables were removed from the indices used to rank these events.
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As expected (and desired), such removal permitted several severe weather events with
few or no tornadoes to be included among the highest-ranked cases. As in SD10a, no
index can be justified as optimal. Objectives of future research investigating severe
weather outbreaks should dictate the selection of a specific index. For example, if the
goal of a research project is to study differences of tornado outbreaks from all other
types, use of indices that include a large number of tornado variables appears to be
appropriate. However, if the goal is to distinguish major severe weather outbreaks from
minor events no matter what type of event the case may be categorized as, use of indices
with fewer tornado variables may be appropriate.

The rankings of the cases below the top 250 are much more volatile, as observed
in SD10a. Subjective investigation of these events found that a large number of these
cases are qualitatively similar in terms of the numbers and types of severe reports. Thus,
the prediction of a severe weather event’s rank is likely formidable, whereas predicting
the categorical relative severity of an event is more feasible.

Binary classification of events based on their relative severity was quite similar
for the k~~-means and Ward’s hierarchical cluster analyses; however, differences between
the techniques become substantial as the number of classes increases. Thus, the
separation of the highest-ranked cases (approximately 200-250) from the remaining cases
(~5900) is a recommended starting point for future work. Determination of an optimal
threshold, based on the ability of meteorological covariates (see Brown and Murphy
1996) to distinguish these events, would also be appropriate.

Classification of severe weather events into various types based on the

characteristics of the severe reports also resulted in categories similar to those found in
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SD10a. In general, events could be classified as major tornado, hail-dominant, wind-
dominant, or minor (mixed-mode) outbreak cases. Differences among the indices were
very minor, whereas differences among various types of cluster analyses were more
substantial. However, the 6-class categorization of events between the k-means and
Ward’s hierarchical cluster analyses were reasonably similar, in which the two additional
classes roughly could be described as minor wind-dominant and minor hail-dominant
events.

Although the kernel density estimation method appears to be an effective means
of accounting for days with large geographic scatter and days with multiple clusters of
severe reports, some limitations of the ranking techniques remain. For example, the
selection of a 24-h period for which to analyze events independently leads to the
possibility of misrepresenting events that occur at the end of one period and the
beginning of another (e.g., Figs. 3.16a,b). The current method would identify such a
circumstance as two separate events and would likely underestimate the severity of the
event. Though these examples are quite rare in the dataset, future work is planned to try
to account for these events.

Furthermore, multiple events can occur in the same region within a 24-h period
(e.g., Figs. 3.16¢,d). The current method would consider this a single event and would
overestimate its severity. These two limitations suggest that a time dimension should be
added to the density estimation technique; however, its inclusion presents challenges that
require substantial investigation before implementation. Additionally, objective
identification, ranking, and classification of multi-day events associated with a single

synoptic-scale system (e.g., Figs. 3.16e,f) are prudent and would provide a valuable
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resource for research investigating these events. This work is beyond the scope of the

current study, however.
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The technique presented herein is not the only way in which severe weather
events (outbreaks) could be identified, ranked, and classified. The choices made in this
study were subjective, but were designed to be (1) reproducible, (2) simple to implement
and interpret, (3) effective in reducing the impact of nonmeteorological artifacts in the
dataset, and (4) capable of identifying geographically clustered events and eliminating the
other cases. Although the scheme is not shown herein to be optimal, the results of this
study indicate that these four criteria have been met, and the method can be modified
according to the objectives of future research investigating severe weather outbreaks or
can be implemented in other meteorological research (such as flash floods, winter storms,

hurricanes, etc.).
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4. Using areal coverage to identify the major severe weather outbreaks and
comparing to SPC categorical outlooks
a. Introduction

The revised ranking technique discussed in Section 3 allows for many more cases
to be included in discrimination investigations. Instead of the 840 outbreak cases that
were analyzed using the areal coverage and principal component analysis techniques
(Section 2) from the period 1979-2006, a set of 4057 outbreak cases is available (from the
period 1979-2008). Furthermore, the techniques incorporated in Section 3 preclude cases
with excessive geographic scatter in the reports or multiple spatially distinct clusters of
reports associated with multiple synoptic- or subsynoptic-scale systems. In short, the
new case list is a substantial improvement in terms of sample size and relevant events to
examine.

An additional benefit of the expanded case list is the ability to compare objective
techniques to operational categorical forecasts of severe weather outbreaks. Specifically,
the Storm Prediction Center issues categorical risks of severe weather multiple times a
day for the same period of time considered when ranking the cases (that is, 1200 UTC on
the nominal date to the same time the following day'®). The categorical risks are high,
moderate, slight, “see text”, and “no organized severe weather expected”. These outlooks
are defined in terms of probabilities of various types of severe weather occurring within a

certain distance (~40 km) from a particular point (see http://www.spc.noaa.gov/faq/ and

http://www.spc.noaa.gov/misc/prob_to_cat_dayl seetext.jpg for more information).

Thus, evaluation of SPC categorical outlooks using the ranking scheme as developed in

'* However, the time period changes for Day-1 categorical outlooks issued after the valid starting period.
For example, the 1630 UTC Day-1 outlook is only valid from 1630 UTC on the nominal date to 1200 UTC
the following day.
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Section 3 is not based on the strict definitions of the categorical outlooks. However,
higher rankings clearly are tied to events in which the probabilities of severe weather
occurring within a certain distance of a point increases, based on the implementation of
the kernel density estimation technique (see Brooks et al. 1998).

One goal of the research conducted thus far is to provide a new means of
guidance for operational forecasters in future potential outbreak situations. Though the
research completed to this point only completes the first steps toward this
implementation, a clear method of evaluation is to determine if any objective techniques
developed with the purpose of discriminating the relative severity of the outbreaks
perform as well as or better than current operational forecasts of these events. Because of
disparities between the outbreak ranking scheme and the categorical outlook criteria, this
task is somewhat complicated. Rather than verifying the objective techniques proposed
herein using the specific probability criteria defined by the SPC for categorical outlooks,
the two modes of diagnosis/prognosis will be evaluated based on the scores used to rank
the events. Therefore, it is appropriate to note that the SPC categorical outlooks were not
designed for this specific task, whereas the objective techniques introduced herein were
developed with this type of discrimination as the primary goal.

Perhaps a more formidable complication is the fact that the atmosphere does not
produce severe weather outbreaks that are easily classifiable. That is, severe weather
outbreaks occur as a spectrum of events rather than as distinct bins. This makes defining
a major severe weather outbreak difficult and open to controversy. As a result, a primary

objective of this study is to investigate what threshold values of outbreak ranking scores,
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as developed in Section 3, SPC categorical outlooks and objective techniques seem to be
most accurate and/or skillful.

Additionally, analyses will be used to evaluate the objective techniques rather
than model forecast fields. This decision was based on two characteristics of the research
project. (1) Because of the relatively large sample of cases for these types of studies, it
was deemed appropriate to determine if characteristics of the analyses were capable of
distinguishing outbreak type before running model simulations of such a large number of
cases. (2) Several of the Day 1 convective outlooks issued by the SPC are issued just
before or during the event, making such outlooks short term forecasts (i.e., shorter in
length than the latest available model forecasts). Future research, pending the results of
the objective technique diagnoses, then would assess model simulated fields of
environmental variables and compare to longer-term categorical outlooks.

This study not only serves as a comparison between new proposed objective
techniques and current operational forecasts, but it also serves as a current “state of the
science” in diagnosing the severity of outbreaks based on the fields of severe weather
parameters typically analyzed to predict these events. As I am not aware of any previous
research that has developed objective techniques to diagnose the relative severity of
outbreaks, besides those of M09, S09, S10a, S10b, and Shafer et al. (2010c), the work
discussed in this section will provide one of the first comprehensive evaluations of our
ability to diagnose and/or forecast the nature of severe weather outbreaks.

In Section 4b, the data and methods for comparing the SPC categorical outlooks
with the areal coverage technique (the objective technique for which this particular study

is focused) will be described. Section 4c examines the areal coverage technique using all
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of the cases available from 1979-2008. Section 4d analyzes the cases available from
2003-2008, comparing the areal coverage technique and the SPC categorical outlooks,
and compares the results to those using the whole dataset. Section 4e discusses the
implications of the findings.
b. Data and methods

As in S10a, the NARR dataset was used to determine the areal coverage
associated with a particular severe weather event. The valid time for each event is 1200
UTC on the nominal date to 1159 UTC the following day, as in previous studies. The
valid time of each case was determined by selecting the first available time before the
median time of the reports associated with a particular case. As Section 3 illustrated,
each case was associated with a region (as in Fig. 4.1a), in which each report falling
within that region was associated with that event during the 24-h period. As NARR data
are available from 1979 onward, each event from 1 January 1979 to 31 December 2008
using the 1° latitude-by-longitude map projection and grid point method, as described in
Section 3, was considered (4057 total).

SPC categorical outlooks were obtained from their public website

(http://www.spc.noaa.gov/products/outlook/) for the period 23 January 2003 to 31

December 2008 and were directly compared with areal coverage diagnoses for events
occurring within this time frame. As multiple events can occur on the same day, only the
highest-ranked events were considered for comparison (with the assumption that the most
severe categorical outlook was associated with the highest-ranked case on a given day).
For this analysis, a total of 727 of the 4057 cases qualified. Categorical outlooks of

moderate and high were considered to be indicative of forecast major severe weather
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(A) (B)

Fig. 4.1. (a) Region identified by the KDE method associated with the 13 March 1990
severe weather outbreak, using a 1° latitude-by-longitude map projection and the grid
point method (see Section 3 for details). (b) As in (a), with three hypothetical regions
indicating where a selected severe weather parameter exceeds a threshold. The area
within the red oval is the largest area of the three that intersects the region identified by
the KDE method. The intersect method would select the region in the red oval as the
region associated with the severe weather outbreak.
outbreaks, whereas slight, “see text”, and no-risk days were considered forecasts of less
significant (null) events. However, comparison of the areal coverage technique to the
SPC categorical outlooks using slight and high risk days as the threshold forecast of
major severe weather outbreaks also was conducted and will be shown in Section 4c.
Several methods of computing areal coverage were considered, but only two will
be shown in this paper. The first method is referred to hereafter as the kernel density
estimation (KDE) method. For this method, a severe weather parameter is calculated at
each grid point in an 18-km 300x200 CONUS-centered domain (the same domain used in
S10a). The average, median, or sum value of the severe weather parameter considered is
computed, using each grid point associated with the severe weather event, as described in
Section 3. For example, each grid point shaded in Fig. 4.1a would be considered for the
computation of average, median, or sum values of the severe weather parameter selected

to discriminate the outbreaks. The final value would be used as a diagnosis of the

severity of the outbreak, with a predetermined threshold used as the criterion for
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diagnosis. If the average, median, or sum value exceeds the threshold, the case would be
diagnosed as a major severe weather outbreak.

The second method hereafter is referred to as the intersect method. For this
method, a threshold value of a severe weather parameter is selected. All contiguous
regions in which grid points exceed this value were determined, and the largest region in
which the threshold is exceeded that intersects at least one point of the region identified
by the KDE technique as associated with the event was selected as the region of interest.
Once again, the value of the severe weather parameter at each grid point within this
“intersect region” (e.g., the region within the red oval in Fig. 4.1b) was computed, and
the average, median, or sum value for all of the grid points considered was obtained.
This final value was used as the diagnosis of the severity of the outbreak.

The development of the intersect method, in addition to the KDE method, was
necessary because forecasters do not know the exact region associated with the outbreak
before the event occurs. In essence, the KDE method is strictly diagnostic in that it
cannot be directly applied to forecast guidance. The intersect method, although
diagnostic for the results shown herein, easily can be implemented in an operational
setting — as contiguous regions of severe weather parameters exceeding a specified value
in a region of interest can be identified readily using model forecast fields. The
hypothesis driving the research shown in subsequent sections is that the KDE method
should verify better than the intersect method, but the intersect method more likely would
be implemented as guidance in an operational environment. Recent research
investigating the utility of various model fields to identify regions associated with severe

weather reports (the so-called surrogate severe reports technique) may permit the use of a
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technique similar to the KDE method in future studies, however (see Schwartz et al.
2010; Sobash et al. 2010).

An obvious weakness of the intersect method is that the region selected may not
be an area associated with the event. However, any method developed is subject to some
limitations. For example, regions in which a severe weather parameter exceeds a
specified threshold may not be associated with any observed severe weather. Thus,
considering every contiguous region in which a severe weather parameter exceeds a
threshold is limited in this manner. These “limitations” are daily decisions by severe
weather forecasters and should be considered inherent in any objective technique
developed.

Although multiple indices were developed to rank the outbreaks, the results herein
only consider the N15 index, as described in Section 3 (and Shafer and Doswell 2010b).
As with the studies by S10a and Shafer et al. (2010c), the selection of N15 was
essentially arbitrary, though the index was susceptible to ranking tornado outbreaks
highest and did not negatively bias events with a predominant nontornadic report type.
Sample curves for the rankings, including the N15 index, are shown in Fig. 3.9a.
Although this chart considers all 6072 cases from the 1960-2008 period, the curves for
the 4057 cases considered when using the NARR data fit a similar curve (not shown).
Several subsequent figures also will illustrate the general nature of the scores used to rank
the indices as well (Sections 4c,d).

The parameters analyzed were the same as those in past studies (S09, M09, S10a,
S10b). Emphasis herein will be on the supercell composite parameter (SCP) and

significant tornado parameter (STP). A discussion regarding the correlations among the
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variables (Section 4e) will address the lack of emphasis on using multiple variables in
this study. The areal coverage technique and the SPC categorical outlooks were
evaluated using binary contingency statistics, as in S10a and Section 2 herein. In
addition to the emphasis on selecting values of areal coverage that score best when
selecting a particular value of the outbreak ranking index score used to classify events as
“major” or “null” events, the results presented in this study will focus on iteratively
selecting ranking index thresholds using a specific threshold of areal coverage (or SPC
categorical outlook) to determine the outbreak ranking index threshold with which these
methods perform best. These two approaches should provide a (more) comprehensive
analysis of the ability of areal coverage and current operational forecasts to identify the
most significant severe weather outbreaks.
c. Areal coverage results 1979-2008

Diagnoses of major severe weather outbreaks using specific areal coverage
thresholds when using the sum values of STP and SCP using the KDE and intersect
methods (Figs. 4.2 and 4.3) indicate a tendency for the most significant severe weather
outbreaks to be identified correctly. Specifically, most of the outbreaks on the upper
portion of Fig. 4.2 and on the right portion of Fig. 4.3 were diagnosed correctly as major
severe weather outbreaks (red dots). However, many events are diagnosed as major
severe weather outbreaks that score similarly to less significant events (as indicated by
the number of red dots in the vicinity of the blue dots in Fig. 4.2, and the number of red
dots on the left portion of each panel in Fig. 4.3). This is a clear signal of a false alarm

. . . 15
problem, as previous sections have discussed.

' The selection of the specific thresholds of areal coverage in Figs. 4.2 and 4.3 will be discussed in Section
4d.
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Fig. 4.2. Scatter plots showing diagnoses of major severe weather outbreaks (red dots) or
null cases (blue dots) using areal coverage thresholds, with the outbreak ranking index
scores on the y-axis and the case identification number (chronological order) on the x-
axis. In (a), the SCP using the KDE method is used, with an areal coverage threshold of
7500. In (b), the STP using the KDE method is used, with an areal coverage threshold of
1500. (c) As in (a), using the intersect method, SCP threshold of 1, and an areal
coverage threshold of 15 000. (d) As in (b), using the intersect method, STP threshold of
1, and an areal coverage threshold of 1500.

Additionally, the intersect method is susceptible to an increased number of misses
with major severe weather outbreaks. There are a few cases, using SCP or STP as the
diagnostic variable, in which the intersect method diagnoses null events for cases with
N15 scores above the value of 2. This contrasts with the KDE method diagnoses for
these cases, which are almost entirely red dots above index values of 2. These cases

appear to be examples in which the SCP and STP contiguous regions may not be most

associated with the event itself, or may indicate that the selected threshold (unity for Figs.
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Fig. 4.3. Asin Fig. 4.2, with the areal coverage on the y-axis and the outbreak ranking
index score on the x-axis. Major severe weather outbreaks are on the right side of each
figure (i.e., higher ranking index scores).

4.2¢,d; 4.3¢,d) is too high for correct classification of these events. Indeed, a lower
threshold results in correct diagnoses for these cases, but at the expense of an increased
number of false alarms (not shown).

Contingency statistics (Figs. 4.4-4.6; with abbreviations as in Section 2) suggest
that the threshold values selected for diagnoses of outbreak type tend to work best when
the outbreaks are classified as major events with index scores above values of around 0.
Scores of zero are around the mean value of the ranking index scores for the 6072 cases
considered from 1960-2008. Section 4e will discuss the implications of this in more

detail. Additionally, characteristics of cases with various scores of the N15 index will be
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Fig. 4.4. Plots of hit rate (HR — blue), probability of detection (POD — red), false alarm
ratio (FAR — green), probability of false detection (POFD — magenta), and critical
success index (CSI — black) as a function of outbreak ranking index score classification
thresholds (-0.4 to 6 in increments of 0.01, where outbreaks scoring above the threshold
are considered major severe weather outbreaks), with the same variables and methods
(KM is KDE method; IM is intersect method) as in Fig. 4.2.

examined, to determine what type of cases seem to be near the “best” thresholds for
major versus less significant severe weather outbreaks.

With the four specific examples of severe weather parameters and areal coverage
methods in Figs. 4.4-4.6, the accuracy of the diagnoses tend to be highest at index
thresholds around the value of 0. This is generally where the CSI is highest, the skill
scores (besides PSS) peak, and the bias tends to be around 1. As Fig. 4.4 indicates, the
FAR is very high for index thresholds much greater than zero, with the FAR generally

higher than the POD when the intersect method is used. The Roebber (2009) diagrams
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Fig. 4.5. Roebber (2009) diagrams for the same variables and areal coverage methods as
in Fig. 4.2. Each dot on the diagrams represents the values of POD, success ratio (SR; 1
— FAR), bias, and CSI for a specific outbreak ranking index score threshold. The darkest
blue dot uses a threshold of -0.4, whereas the darkest red dot represents a threshold of 6.
Thresholds are iterated by a factor of 0.01.

(Fig. 4.5) and skill score charts (Fig. 4.6) clearly suggest the superior performance of the
KDE method, as expected, with higher CSIs, a bias near unity, and skill scores generally
at or above 50% around index thresholds of zero. For these same thresholds, the skill
scores are lower (near or less than 40%) using the intersect method. The relatively poor
statistics for the intersect method appear to be primarily because of a reduction of the

POD, as indicated by the larger number of blue dots at higher thresholds in Figs. 4.2 and

4.3 and by the lower POD curves in Figs. 4.4c,d compared to Figs. 4.4a,b.
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Fig. 4.6. Asin Fig. 4.4, except for the Peirce skill score (PSS — blue), the Heidke skill
score (HSS — red), the Clayton skill score (CSS — green), and the Gilbert skill score (GSS
— magenta).

Figure 4.6 illustrates the undesirable characteristic of the PSS in a rare-events
dataset. If major severe weather outbreaks are considered to be cases exceeding very
high ranking score thresholds, the PSS improves substantially. This is as a result of the
propensity for these cases to be classified correctly most of the time (i.e., high PODs),
and the number of correct nulls is very large (i.e., low POFDs — see Fig. 4.4).

If the outbreak ranking index score of 0 is used as the threshold for classifying
outbreaks as major or null events, the optimal areal coverage threshold can be determined

for each severe weather parameter and areal coverage technique tested (as in Figs. 4.7-

4.9). In general, the thresholds selected for Figs. 4.2-4.6 are near the maximum CSI (for
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Fig. 4.7. Asin Fig. 4.4, except the contingency statistics are shown as a function of the
areal coverage for the outbreak ranking index threshold of 0.

a bias of unity) and skill scores for the KDE method. However, the thresholds for the
intersect method may prove to verify somewhat better with lower thresholds (~10 000 for
SCP, 1250 for STP). In Section 4d, these thresholds will be used for comparison with
SPC categorical outlooks. As previously discussed, results clearly worsen when the
intersect method is used versus the KDE method.

The trends in the statistics with increased areal coverage threshold differ from
those with increased outbreak ranking score threshold. Specifically, the POD, POFD,
and FAR decrease with increased threshold (because the outbreaks are classified
consistently by using the index score of 0 as the threshold criterion). As higher areal

coverage occurs with fewer and fewer cases, the number of misses (false alarms) should
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(B) STP — KM PODISA Diagram
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Fig. 4.8. Asin Fig. 4.5, except each dot represents an areal coverage threshold. For SCP,
the thresholds are incremented by 100. For STP, the thresholds are incremented by 50.
The range of thresholds is 0 — 50 000 for SCP and 0 — 5000 for STP, as in Fig. 4.7.

be expected to increase (decrease), resulting in the observed trends. Moreover, the PSS
tends to be higher at the lowest areal coverage thresholds (compared to HSS and GSS),
whereas the CSS exhibits a similar trend to the PSS when the skill scores are analyzed
compared to the incremental increase in outbreak ranking score threshold. Thus, the PSS
probably should be avoided when determining the “best” threshold for which outbreaks
are classified based on a selected value of areal coverage, whereas the CSS probably

should be neglected when determining the “best” areal coverage threshold based on a

selected value of outbreak ranking score threshold.
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Fig. 4.9. Asin Fig. 4.6, except the contingency statistics are shown as a function of the
areal coverage for the outbreak ranking index threshold of 0.

Note that in Figs. 4.6 and 4.9, the PSS equals the CSS at the approximate
thresholds in which the HSS and GSS peak. The PSS and CSS are equal when the

number of correct hits (a) equals the number of correct nulls (d). Using the equation for

HSS:
pss - DE ChY

where
E, = %((a +o)a+b)+(c+d)b+d)), (4.2)
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b is the number of false alarms, ¢ is the number of misses, and N is the total number of
observations (or forecasts). Note that HSS is a maximum when (a + d) is large (i.e., the
accuracy is large). For a constant (a + d) — as approximately demonstrated for relatively
large values of outbreak ranking score thresholds or areal coverage thresholds (see Figs.
4.4 and 4.7) — the product ad is a maximum when a = d. Equation (4.1) can be modified
to show that the numerator of the HSS is 2(ad — bc), so if (a + d) is near a maximum and
(b + ¢) is near a minimum (as @ + b + ¢ + d is a constant), the numerator is largest when a
=d. Thus, the tendency for HSS to be a maximum where PSS and CSS are equivalent
should be expected. A similar argument can be used for the GSS, using the minimum (b
+ ¢) assumption when a = d.

Various outbreak ranking scores can be tested to determine “optimal” values of
areal coverage (based on the best accuracy and/or skill) for each major severe weather
outbreak threshold (as in Fig. 4.10). If the severe weather parameter selected is SCP
using the KDE method, the skill scores (other than PSS) tend to peak at smaller values
with increased outbreak ranking score thresholds (cf. Fig. 4.9a and Fig. 4.10). The
maximum PSS increases with increased outbreak ranking score threshold because of the
exceedingly rare occurrences of highly-scored outbreaks, as previously discussed. As
expected, the maximum in skill scores occurs with increased areal coverage as the
outbreak ranking score thresholds are increased.

d. Comparing areal coverage to SPC categorical outlooks

Categorical outlooks of moderate- or high-risk days by the SPC from the period

23 January 2003 to 31 December 2008 are associated with days featuring large regions of

severe weather parameters favorable for significant severe weather during this same
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(A) T=o.5 PSS, HSS, CSS, and GSS vs. Grid Point Threshold (B) T=1 .0 PSS, HSS, CSS, and GSS vs. Grid Point Threshold
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Fig. 4.10. As in Fig. 4.9a, for outbreak ranking score thresholds of (a) 0.5, (b) 1.0, (c)
1.5, (d), 2.0, (e) 2.5, and (f) 3.0.

period (Fig. 4.11). The thresholds indicated on each of the variables and areal coverage
techniques shown in Fig. 4.11 are associated with the approximate values in which the
SPC categorical outlooks and areal coverage diagnoses are most often the same (Fig.

4.12). (In this analysis, moderate- and high-risk days are assumed to be forecasting
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o . (A) STP and KDE method _ (B) SCP and KDE method
(C) STP and intersect method (D) SCP and intersect method

0.5

Fig. 4.11. Plot of SPC categorical outlooks (high risk — red, moderate risk — orange,
slight risk — green, less than slight risk — blue) compared to areal coverage values (y-axis,
with variables and methods indicated) for the period 23 January 2003 — 31 December
2008. Outbreak ranking scores are indicated on the x-axis. The black horizontal lines on
each panel represent the approximate value in which the SPC categorical outlooks match
the areal coverage diagnoses the most (see Fig. 4.12).
major severe weather outbreaks. This should be assumed for the rest of this section,
unless otherwise stated.) In general, for the values of areal coverage thresholds that agree
most with SPC categorical outlooks, the diagnoses are the same ~75% of the time.
Although the primary focus in the rest of this section will be on SPC categorical
outlooks issued at 1630 UTC (which is after the beginning of the 24-h period associated
with each outbreak case), outlooks issued at 0600, 1300, and 2000 UTC also were

analyzed. Contingency statistics for the four outlook times (Figs. 4.13 and 4.14) show
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Fig. 4.12. The ratio of SPC categorical outlooks that agree with areal coverage diagnoses
(y-axis, assuming moderate- and high-risk outlooks forecast major severe weather
outbreaks), as a function of areal coverage (x-axis) for the variables and areal coverage
techniques indicated.
subtle improvement over the course of the Day 1 outlooks. Most of the improvement
appears to occur between the 0600 and 1300 UTC outlooks, with CSI increasing with
bias values near unity. Slight improvement is noted in later outlooks, particularly at
relatively high thresholds — possibly as a result of increased confidence in significant
severe weather and upgraded outlooks.

If the categorical risk were modified such that a slight or higher risk was
designated as a major severe weather outbreak, or if only a high risk was indicative of a

major severe weather outbreak, the Roebber diagrams change substantially (Fig. 4.15a).

For slight risk thresholds, the POD for any threshold is near or equal to 1, as most of the
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Fig. 4.13. Roebber diagrams of SPC categorical outlooks issued at (a) 0600 UTC, (b)
1300 UTC, (c) 1630 UTC, and (d) 2000 UTC on the nominal date of the outbreaks. Each
dot on the diagrams represents the outbreak ranking index score threshold used to classify
events as major outbreaks (in increments of 0.01), with the darkest blue color associated
with a score of -0.4 and the darkest red color indicating a score of 6.

727 cases considered were designated as slight- or higher-risk days (refer to Fig. 4.11).
However, the success ratio (SR) decreases rapidly with increased outbreak ranking index
threshold, as the number of false alarms becomes very large. On the other hand, high risk
thresholds resulted in lower PODs for equivalent SRs (compared to moderate risks), with
CSIs reduced for biases near unity. The noisy appearance of the high-risk statistics
suggests the rare issuance of high-risk outlooks, and the susceptibility of the statistics to

volatility when the outbreak ranking index threshold increases (eliminating a case with a

high-risk outlook from the major severe weather outbreak classification).
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Fig. 4.14. As in Fig. 4.13, except showing skill scores (labeled) as a function of outbreak
ranking index threshold (x-axis).

The skill scores when using different categorical outlooks as thresholds for
forecasting major severe weather outbreaks noticeably change. For the slight-risk
threshold, the skill scores are at their maximum at or near the lowest outbreak ranking
index threshold. This agrees with subjective notions of these events, in which the lowest-
ranked cases still feature (small) clusters of severe weather reports (Section 4e). The
designation of these days as major severe weather outbreaks, however, may not be
appropriate. The moderate-risk threshold results in skill score maxima near the index
threshold of 0, and the high-risk threshold features skill score maxima just below the
value of 3. These findings are desirable, as higher-risk categorical outlooks should

perform better using higher outbreak classification thresholds.
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Fig. 4.15. (a) Roebber diagram of SPC categorical outlooks issued at 1630 UTC on the
nominal date of the outbreaks, using the slight-, moderate-, and high-risk thresholds as
forecasts of major severe weather outbreaks. (b) Skill scores as a function of outbreak
ranking index threshold for the SPC categorical outlooks issued at 1630 UTC on the
nominal date of the outbreaks, using the slight-risk category as the threshold for forecast
major severe weather outbreaks. (c) As in (b), using the moderate-risk category as the
threshold for forecast major severe weather outbreaks. (d) As in (b), using the high-risk
category as the threshold for forecast major severe weather outbreaks.

As with the areal coverage thresholds when analyzing the 1979-2008 period, the
SPC categorical outlooks of moderate- and high-risk days tend to perform best around
outbreak ranking index thresholds of around 0. Based on the percentage of areal
coverage diagnoses and SPC categorical outlooks that agree (Fig. 4.12), one would
expect the contingency statistics of the areal coverage diagnoses to be quite similar to

those of the SPC categorical outlooks. This is exactly what is observed when looking at

the areal coverage diagnoses for the same 727 cases (cf. Figs. 4.13, 4.14, and 4.16). As
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Fig. 4.16. (a) Roebber diagram of the areal coverage diagnoses for the 23 January 2003
— 31 December 2008 period using SCP as the severe weather parameter and the KDE
method as the areal coverage technique. A threshold of 7500 was used to make the
diagnoses. (b) As in (a), using the intersect method and an areal coverage threshold of
10 000 (as shown in Fig. 4.10c). (c) Skill scores as a function of outbreak ranking index
threshold (x-axis), using the variable and areal coverage method as indicated in (a). (d)
As in (c), using the variable and areal coverage method as indicated in (b).
observed when analyzing the 1979-2008 dataset, the intersect method is slightly worse
than the KDE method for diagnosing major severe weather outbreaks. With HSSs near
0.5 at outbreak ranking index thresholds of around 0 using the areal coverage method,
these results are quite comparable to the 1630 and 2000 UTC SPC outlooks.

A final comparison should focus on finding areal coverage diagnoses that are

comparable to a high-risk threshold for forecasts of major severe weather outbreaks.

Using SCP as the severe weather parameter and either the KDE or intersect methods (as
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Fig. 4.17. Skill scores as a function of areal coverage threshold, using an outbreak
ranking index threshold of 2.75 to differentiate major severe weather outbreaks from less
significant events (as suggested in Fig. 4.15d), using (a) SCP and the KDE method and
(b) SCP and the intersect method.

in Fig. 4.17), the maximum skill scores tend to be lower compared to the SPC categorical
outlooks (cf. Fig. 4.15d). This is true in general when using a single variable for areal
coverage diagnoses. The improved performance of SPC categorical outlooks of high risk
suggest several possibilities: (1) The areal coverage technique does not take into account
convective initiation, and inclusion of convective inhibition is problematic because of
reanalysis datasets that only coarsely resolve the boundary layer. (2) Areal coverage
diagnoses are susceptible to false alarms in cases for which a linear convective mode
occurs (see S10a). (3) SPC forecasters rely on more than one variable to predict the
occurrence of the most significant severe weather outbreaks. Inclusion of multiple
variables in areal coverage diagnoses may improve such diagnoses. However, as Section
4e will show, many of the variables available are highly correlated, indicating little
additional information may be provided when using multivariate areal coverage.'® (4)

Many of the severe weather outbreaks already begin to occur by 1630 UTC, suggesting

that human forecasters are capable of distinguishing these events more easily. This last

' The use of multiple variables in other techniques, however, may be more beneficial.
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Fig. 4.18. As in Fig. 4.17, using the SPC categorical outlooks (high-risk threshold)
issued at (a) 0600 UTC and (b) 1300 UTC.

point is illustrated by the demonstrably lower skill scores for high-risk thresholds in
outlooks issued prior to 1200 UTC (Fig. 4.18). (5) Pattern recognition (Johns and
Doswell 1992) and forecaster experience may also play a (potentially substantial) role in
the markedly improved performance.

One important observation when analyzing the 2003-2008 cases is that the
contingency statistics for the highest-ranked cases do not agree well with the scores when
analyzing the 1979-2008 cases (cf. Figs. 4.10e,f and 4.17). This is highly suggestive of
sample size sensitivities, which are unsurprising given the exceedingly rare occurrence of
major tornado outbreaks. As a result, making conclusions from a sample of cases as
small as the outbreak events available from the 2003-2008 period is questionable
(Doswell 2007b) and susceptible to error when expanding the dataset. Consider four
randomly selected six-year periods in the 1979-2008 suite of cases. A plot of skill scores
as a function of the outbreak ranking index score thresholds (Fig. 4.19) shows very little
variation in the statistics for relatively low thresholds, with more noticeable differences at
higher (>0.5) thresholds. As the outbreak ranking index score increases, the number of

major severe weather outbreaks is decreased, reducing the sample of these cases.
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Fig. 4.19. Plot of skill scores as a function of outbreak ranking index score threshold,
using SCP and the KDE method, for cases from (a) 1983-1988, (b) 1990-1995, (c) 1996-
2001, and (d) 1979-1984.

Expanding the case list to 6072 events (1960-2008) only resulted in
approximately 500 cases with outbreak ranking index scores above the value of 1 and
fewer than 200 above the value of 2. This represents ~8.33% and ~3.33% of the events,
respectively. As posited in Section 2, such a small sample of cases of major severe
weather outbreaks makes their distinction from the less significant events very
challenging, particularly given our limited understanding of these events (Section 5).

e. Implications of the findings

Besides the somewhat arbitrary nature of many severe weather parameters

(indices) used in operational forecasting today, e.g. in terms of how variables are
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Fig. 4.20. (a) Scatter plot of the sum of STP using the KDE method (x-axis) and the sum
of SCP using the KDE method (y-axis) for each of the 4057 cases from 1979-2008. Red
dots indicate cases with N15 scores equal to or exceeding 2, orange dots indicate scores
between 1 (inclusive) and 2 (not inclusive), green dots indicate scores between 0
(inclusive) and 1 (not inclusive), and blue dots indicate scores below 0. (b) As in (a),
except the N15 index scores are indicated on the y-axis.

combined (see Doswell and Schultz 2006), one drawback to these variables is becoming
more obvious with each severe weather discrimination study. Specifically, most
variables are very highly correlated to each other and not nearly as correlated with
specific severe weather events (e.g., major severe weather outbreaks). Using the areal
coverage of the sum of SCP and the sum of STP with the KDE method, these two
variables have a correlation of 0.9087 for the 4057 cases from 1979-2008, whereas the
sum of STP with the KDE method has a correlation of 0.5438 with the N15 index (used
to rank the outbreaks). This is illustrated by the one-dimensional nature of the scatter
when analyzing a two-dimensional scatter plot of the SCP and STP variables (Fig. 4.20a)
compared to the two-dimensional scatter plot of STP and the N15 index (Fig. 4.20b).
Unfortunately, adding variables does not separate the highly ranked cases from the less

significant events using the areal coverage method, even with increased dimensionality,

because of these strong correlations.
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This suggests the need for rigorous, systematic testing of newly proposed
variables that elucidate additional information regarding the distinction of severe weather
events. Ifit is shown that a newly proposed variable discriminates events nearly as well
as already demonstrated variables, the new variable would serve little additional purpose
if the variable is highly correlated to the variables already in use. However, if the
variable is not well correlated with these other variables, then their combination may
provide substantial additional information regarding event discrimination. This is
demonstrated using the variables 0-1 km SREH and SBCAPE (Fig. 4.21a) compared to
using each variable alone (Figs. 4.21b,c). The correlation of the KDE method sum of
SREH with the N15 index is 0.3849, the KDE method sum of SBCAPE with the N15
index is 0.1288, and the correlation of the two variables is -0.1796. As Fig. 4.21a
suggests, the combination of the two variables may provide additional means of
discrimination of severe weather outbreaks. The variable 0-1 km EHI, which is simply a
product of the two variables (using SBCAPE versus other forms of CAPE), has a
correlation with the N15 index of 0.5034 (Fig. 4.21d). This improvement demonstrates
added utility of EHI over each of the individual variables, which was possible because of
poorly correlated variables both demonstrating weak to moderate correlation with the
severity of the outbreaks.'’

On the other hand, demonstrating that SCP or STP is preferred over 0-1 km EHI
is more questionable. For example, the correlation of STP and 0-1 km EHI (KDE
method) is 0.9323, and the STP and N15 index have a correlation of 0.5438 —not a

substantial improvement over 0-1 km EHI. Additionally, because these indices are

'7 Later in this section, results from combinations of variables will be shown to illustrate the limited
improvement when using multiple severe weather variables.
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Fig. 4.21. (a) Asin Fig. 4.20a, with SBCAPE on the x-axis and 0-1 km SREH on the y-
axis. (b) Asin Fig. 4.20b, with 0-1 km SREH on the x-axis. (¢) As in (b), with
SBCAPE on the x-axis. (d) As in (b), with 0-1 km EHI on the x-axis.
combinations of severe weather parameters, relatively high correlations exist between
them. For example, STP and 0-1 km SREH (KDE method) have a correlation of 0.5527.
Taking the (arbitrary) product of the two variables results in a correlation with the N15
index of 0.5143, which is no better than using the STP itself.

The two-dimensional multivariate scatter plots and the SPC categorical outlooks
(1630 UTC) look quite similar, in terms of the identification of the most significant
severe weather outbreaks (e.g., Fig. 4.22). High-risk outlooks tend to be issued when

areal coverage of STP and SCP are high, with lower risks as STP and SCP both approach

small values. Clearly, high-risk outlooks are not always issued when areal coverage of
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Fig. 4.22. (a) As in Fig. 4.20a, for the 23 January 2003 — 31 December 2008 period. (b)
As in (a), with SPC categorical outlooks indicated (red — high risk; orange — moderate
risk; green — slight risk; blue — less than slight risk). Note that the colors in (a) should
not be directly compared to the colors in (b).

STP and SCP are high, as other factors are involved in the occurrence or absence of
numerous tornadic supercells on a given day (e.g., convective mode; questions regarding
convective initiation; uncertainties with location) that are not accounted for entirely by
the areal coverage technique.

Testing combinations of variables was conducted using linear and quadratic
discriminant analysis and decision tress (algorithms 1-5 in Table 2.1). Cases from 1979-
2002 were used for training the statistical models, and they were tested on the cases used
for comparing SPC categorical outlooks with areal coverage diagnoses (i.e., the 727 cases
from 23 January 2003 — 31 December 2008, as discussed in Section 4d). Bootstrapping
was performed to develop 95% confidence intervals for the results. Various
combinations of severe weather parameters were tested (e.g., Fig. 4.23) using multiple
thresholds of outbreak ranking index for event classification (Fig. 4.24). As expected,
little improvement was observed when adding variables compared to single variable

statistics. Because the number of major severe weather outbreaks decreases as the

outbreak ranking index threshold is increased, the confidence intervals become larger.
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Fig. 4.23. Bootstrapped 95% confidence intervals of the Heidke skill scores using areal
coverage of multiple variables (KDE method) on the testing data (2003-2008). The black
dots are the medians of the confidence intervals. Statistical algorithms identified on the
x-axis and labeled as in Table 2.1. In (a), SBCAPE and 0-1 km SREH (SREH1) are used.
In (b), 0-3 km EHI and the product of SBCAPE and 0-6 km bulk shear (SIGSVR6) are
used. In (c), 0-6 km bulk shear (BULK®6) and the product of SBCAPE and 0-1 km bulk
shear (SIGSVR1) are used. In (d), BULK6, SCP, STP, and 0-1 km EHI are used. The
N15 index threshold of 0 is used to differentiate major severe weather outbreaks from
null events.

Inspecting the cases near the thresholds resulting in most skillful discrimination,
using either the areal coverage method or the SPC categorical outlooks, can provide
insight as to what cases to expect when diagnosing or predicting a major severe weather
outbreak in the future. Recall that cases are considered for ranking using the KDE
technique (Section 3) based on two criteria: (1) The number of reports for a given event

must exceed the detrended event-averaged number of reports for a given year. (2) The
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Fig. 4.24. Asin Fig. 4.23, using SCP and STP areal coverage (KDE method), with the
N15 index threshold of (a) 0, (b) 1, (c) 2, and (d) 3 to differentiate major severe weather
outbreaks from null events.

density of the reports within an event region must exceed the detrended event-averaged
density of reports for a given year. Because of these two criteria, events with few or no
reports or widely dispersed severe reports were automatically excluded from
consideration. Analyzing the SPC slight-risk outlooks, the optimal thresholds for which
prediction of major severe weather outbreaks occur are very near the bottom-ranked
cases. It is at this point in which some of the days feature categorical outlooks without a
slight or higher risk for severe weather (e.g., refer to Figs. 4.15a,b). This observation is

encouraging, as it seems to provide at least some evidence that the two criteria are

reasonable for designation of cases as severe weather events. It would be beneficial to
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Fig. 4.25. Severe reports from 1200 UTC on the nominal date to 1200 UTC the
following day, with tornadoes in red, hail in green, and wind in blue, for (a) 11 April
2006, (b) 14 April 2006, (c) 7 September 1998, and (d) 31 March 2006.
investigate days that do not meet these criteria, to determine if these criteria are sufficient
for event/null categorization in future studies (see Section 5). Cases near the lowest
rankings tend to have a small number of nontornadic reports clustered in a very small
region (e.g., Fig. 4.25a), which agrees with subjective notions regarding the relative
severity of outbreaks (i.e., that these cases are relatively minor compared to days with
more events, higher density of reports, more tornadoes, etc.).

Cases with scores around the index value of 0, which is near the best threshold in

which areal coverage diagnoses and SPC categorical outlooks of moderate or high risks

distinguish major severe weather outbreaks from less significant events, tend to have a
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larger number of reports with high spatial densities (Figs. 4.25b-d). The reports generally
remain nontornadic, though several of these reports can be significant (> 65 kt wind
gusts; > 5 cm diameter hail). As scores continue above zero (as in Fig. 4.25d), the
number of tornadoes and/or their significance begin to increase. For example, the 31
March 2006 event featured only four tornado reports, but two received F2 ratings. In
contrast, the 7 September 1998 event featured only one significant tornado, and the 14
April 2006 event featured no significant tornadoes (even though this event featured more
total tornadoes than the higher-ranked cases in Fig. 4.25¢,d). In general, cases above the
ranking index value of 0 exhibited a higher frequency of multiple significant tornadoes.
Additionally, cases featuring widespread significant wind gusts (derechos), widespread
significant hail, or both were common above scores of 0 and generally nonexistent below
this threshold. These tendencies should be expected, as cases above the mean score of
the 6072 cases (for N15, around the value of 0) should feature standardized values of the
report variables that were positive, particularly for the higher-weighted tornado and
significant nontornadic variables. This is perhaps why there is preference toward
threshold values around the mean (which is near 0). The ranking scheme was developed
based on subjective notions that major severe weather outbreaks are comprised of a
(relatively) large number of significant severe weather events.

High-risk outlooks issued by the SPC have “optimal” thresholds around ranking
index scores of 2.75. Cases surrounding this value (Fig. 4.26) are primarily major
tornado outbreaks, as are most events with scores above 2. Although there is a tendency
for cases ranked around or higher than 2.75 to feature widespread nontornadic reports (cf.

Figs. 4.26a,c), this is by no means seen in all cases (see Figs. 4.26b,d). Although cases
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Fig. 4.26. As in Fig. 4.25, for (a) 17 February 2008, (b) 18 October 2007, (c) 25 May
2008, and (d) 7 January 2008.

ranked above 2.75 are almost always major tornado outbreaks, some cases below this
threshold likely would be classified the same way. As the SPC high-risk outlooks have a
relatively small POD for a given SR compared to moderate-risk days (see Fig. 4.15a), no
obvious reason is apparent for finding this particular ranking index threshold other than
the threshold is within the cases ranked as major tornado outbreaks. Moreover, the small
sample of high-risk days available from 2003-2008 likely inhibits drawing meaningful
conclusions in this manner to a large degree.

The similar ability to discriminate major severe weather outbreaks from less
significant events between SPC categorical outlooks of moderate- and high-risk days and

the areal coverage diagnoses suggests that areal coverage is a primary means of
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identifying the most significant severe weather events. However, the identification of
major tornado outbreaks within the highest-ranked outbreak cases appears to be more
limited, because of a substantial false alarm problem. Large areal coverage can be
observed in environments favoring linear convective modes — generally unfavorable for
widespread significant tornadoes. Additionally, uncertainties regarding convective
inhibition, storm-scale environments that can be vastly different from larger scales, and
storm interactions are not accounted for (adequately) using areal coverage.
Consequently, observed large areal coverage may be most appropriately regarded as a
“necessary condition” for tornado outbreaks, and subsequent thorough analysis of the
subsynoptic-scale environment would be necessary for proper identification of major
tornado outbreaks.

The somewhat reduced discrimination using the intersect method versus the KDE
method indicates that a priori knowledge of the location of the outbreak provides
beneficial information on the severity of the outbreak. The intersect method requires
selection of an initial threshold value for a severe weather parameter, which can be
altered, whereas the KDE method does not require a starting threshold. Generally, it was
found that increasing the thresholds for the intersect method did not substantially improve
outbreak discrimination and typically led to deterioration of the statistics as the thresholds
became exceedingly high (not shown). On the other hand, lowering the thresholds
commonly led to very large regions of areal coverage, sometimes connecting distinct
events, which were generally unrepresentative of the outbreaks (not shown). Importantly,

the intersect method is not guaranteed to represent the best environment for the outbreak
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itself, as correlations between favorable regions and the affected area of the outbreak are
not perfect.

Of course, the KDE method as introduced here is not likely to be implemented in
an operational setting, as the location of the outbreak is not known beforehand.'®
Therefore, a technique similar to the intersect method would be necessary to implement
in an operational setting. Perhaps considering every contiguous region in which a severe
weather parameter exceeds a specified threshold should be incorporated, but this
ultimately leads to an excessive number of false alarms, as shown by Hamill et al. (2005).

An important caveat to this work is that areal coverage has only been tested
diagnostically. Because of the demonstrated utility of this method, future work should
investigate using model simulated fields for computation of areal coverage. Comparisons
with SPC categorical outlooks, particularly those issued at times shortly after the
meteorological model is initialized, could also be investigated. Future work should
continue to incorporate more recent cases (e.g., 2009 data, which have recently become
available) in efforts to increase sample size.

As previously mentioned, only cases qualifying as severe weather events using
KDE (as in Section 3) were considered when evaluating the areal coverage technique.
Inclusion of all days, particularly to investigate how areal coverage may help diagnose
slight-risk days, would make for a more complete comparison with operational forecasts.
Furthermore, such work could provide valuable information regarding the false alarm

problem, as it is likely that a subset of days with little or no severe weather feature

'8 However, a model-derived version of the KDE method, based on characteristics of the simulated fields,
could be developed. See Schwartz et al. (2010) and Sobash et al. (2010) for more details.
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favorable regions of severe weather parameters. Of course, computational tractability

would become a concern in such research.
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S. Overall discussion and future work
Discrimination of major tornado outbreaks from all other types of severe weather
outbreaks has challenged operational forecasters for decades. Although the synoptic- and
subsynoptic-scale environments of tornado outbreaks generally have been identified a
priori, this comes at a cost of a large number of false alarms. Although a subset of these
cases can be recognized as false alarms, based on recognition of environments favoring a
particular type of convective mode or of inhibiting factors, the relatively frequent nature
of false alarm forecasts suggests this problem continues to plague forecasters.
Limitations to consistent, accurate, and skillful discrimination of major tornado
outbreaks from less significant events include the following.
(1) The sample of tornado outbreaks with which to train and test statistical models
may not be large enough to identify coherent signals that are consistent with these
events and are not observed with null events. It is quite possible many more years of
data, perhaps several more decades of data, will be necessary to counteract sample
size concerns.
(2) Observations of past events are inundated with nonmeteorological artifacts and
are grossly inadequately representative of severe weather outbreaks. From biases
associated with population density and political boundaries to secular trends in
observing severe weather to modifications in verification emphases in the past five
decades, no known method to account for these artifacts can remove them
completely. Severe weather will never be observed perfectly, so that creating a
ranking scheme to determine the relative severity of these events cannot be compared

to “truth”. Furthermore, observations of severe weather can be and often are
b
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erroneous (wind gust estimations, hail size approximations, tornadoes that are rated
without hitting substantial structures). Therefore, any research conducted using the
ranking schemes described in SD10a and Section 3 herein are subject to the
uncertainties associated with the observations of these events.

(3) The atmosphere does not provide distinct categories of events. As such, any
study that focuses on discriminating types of cases is subject to the uncertainties
associated with event classification. In the present work, class types were varied to
determine what threshold values of outbreak classification were associated with the
most accurate and/or skillful discrimination. However, these thresholds were not
necessarily associated with distinct classes of events. Moreover, the ranking schemes
developed by D06, SD10a, and Shafer and Doswell 2010b were designed to identify
prototypical cases of the relevant types of outbreaks.

(4) The process of tornadogenesis is not well understood. Therefore, using
meteorological covariates associated with midlevel mesocylones and tornadoes
obviously is limited by our lack of understanding of this process. What is clear is that
the severe weather parameters presently used to diagnose types of severe weather are
not completely explanatory. As a result, we have yet to identify those predictors
needed for accurate tornado forecasting. Additionally, uncertainties and
discrepancies between the local storm environment and the larger-scale environment
can be large and generally are not observed consistently and reliably (see Markowski
et al. 1998b; Rasmussen and Blanchard 1998).

(5) In conjunction with (4), the links between synoptic-scale processes and tornado

outbreaks are not well understood. Based on the research completed so far, it appears
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that synoptic-scale processes play some role in the occurrence or absence of tornado
outbreaks (refer to S09; M09; S10a,b; among others). For example, synoptic-scale
processes appear to be associated with the areal coverage of parameters favorable for
significant severe weather (S09; S10a). However, events with large areal coverage
include but are not limited to tornado outbreaks (S10a; Sections 4c-¢). Additional
synoptic-scale processes also may be important (including degree of boundary-
relative midlevel flow and shear, and implications on convective mode).
Nevertheless, several important questions remain unanswered. Can synoptic-scale
processes dictate when inhibiting factors (such as presence and strength of capping
inversions, convective modification of the environment, etc.) prevent a more
significant severe weather outbreak from occurring? Do synoptic-scale processes
play a primary role in the occurrence of some tornado outbreaks and a limited role in
others? If so, how far in advance can these tornado outbreaks be predicted
accurately?

(6) The time of year in which outbreaks occur can affect the type of outbreak that
occurs (S10b). Unfortunately, eliminating this influence when investigating synoptic-
scale links to tornado outbreaks is challenging. Typically, such efforts will reduce the
sample size (necessitating inclusion of less significant events, as in S10b). Time of
year has not been accounted for in more recent studies (as in S10a; Sections 2 and 4
herein) and may prove effective in reducing the false alarm problem to some degree,
particularly given the lack of major tornado outbreaks observed in the summer
months (S10b); however, it is also posited that the environmental parameters used to

discriminate outbreak events should not require a time-of-year constraint (i.e., the
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identical environment that produces a major severe weather outbreak in the spring
would produce an outbreak in the summer, fall, or winter).

In addition to these limitations, additional research investigating discrimination of
severe weather outbreaks is needed, primarily in three areas. First, evaluation of the areal
coverage technique in a forecast setting is appropriate. Determination of the ability of
mesoscale model fields to diagnose major severe weather outbreaks using areal coverage
of severe weather parameters can be compared to longer-term operational forecasts (e.g.,
Day 2+ convective outlooks from the Storm Prediction Center). How far in advance is
areal coverage a useful means of predicting the relative severity of outbreaks?

Second, inclusion of cases not considered as severe weather events using the
modified ranking scheme described in Section 3 would be a more appropriate comparison
to operational forecasters, as a priori determination of whether a severe weather outbreak
will occur is subject to uncertainty. Such studies face computational tractability
concerns, particularly if every day is considered. Many days without severe weather are
obvious to operational forecasters (e.g., lack of suitable moisture in a large region of the
United States, owing to a large surface anticyclone) and may not need to be considered in
such studies. Perhaps a useful alternative is to identify minimum-threshold environments
for consideration (e.g., nonzero SBCAPE or most-unstable CAPE; dew point
temperatures above a certain threshold; nonzero EHI, SCP, or STP; etc.). The objective
is to consider true “null events” to determine the degree to which the false alarm problem
worsens if any day or event is considered versus those for which at least some severe

weather occurs in a distinct geographic cluster.
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Third, identification of physical processes associated with the occurrence or
absence of major tornado outbreaks, as well as increased areal coverage of parameters
favorable for significant severe weather, is essential. To this end, development and
idealized simulations of outbreak composites can be used to increase our physical
understanding of these events. Possible topics for consideration include the addition of
targeted perturbations of initial conditions to determine model simulation sensitivities
toward particular environmental parameters at various times before the event,
examination of synoptic-scale variables (e.g., Q-vector convergence, quasigeostrophic
vorticity or height tendency, etc.) in the hopes of identifying consistent signals in major
tornado outbreaks that are not observed with other types of events, and evaluation of
model simulations for each composite compared to individual events designated as a
particular type of outbreak.

Of course, major tornado outbreaks are not the only type of outbreak to consider.
Forecasts of major hail and/or major wind events are also important. The ranking scheme
developed by Shafer and Doswell 2010b allows for such investigations. If the ranking
index scores are decomposed into the four severe components (tornado, wind, hail, and
miscellaneous — see Section 3e), objective techniques can be evaluated to determine if a
particular event could be associated with an above-average “component” to the index.
For example, areal coverage of SCP was tested to determine the skill the severe weather
parameter had in diagnosing days in which the tornado-, hail-, wind-, and miscellaneous-
components of the ranking indices exceeds the mean value (zero) of the 6072 cases (for
the 4057 cases occurring between 1979 and 2008; Fig. 5.1). For SCP, skill was exhibited

for all four of the individual components, though the wind component featured
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Fig. 5.1. Skill scores (y-axis) as a function of the areal coverage of SCP (KDE method;
x-axis) for discriminating events that are above the mean value of the (a) tornado-, (b)
hail-, (c) wind-, and (d) miscellaneous-component of the four-dimensional N3 outbreak
ranking index to those below the mean value.
considerably lower skill than the other three components. Note that the miscellaneous
component of the index (N3 in Fig. 5.1; note that this is consistent with using N15 — see
SD10a, their Sections 3c,d) is comprised of the total number of reports for a given event
cluster and the density ratio of the reports.

Additionally, the outbreaks were classified into categories using the four-
dimensional decomposition with cluster analysis (Section 3e). Examining how the
various categories cluster (or do not cluster) using various severe weather areal coverage

parameters (e.g., Fig. 5.2) provides insight into the ability of these variables to diagnose

the particular types of outbreaks. As Fig. 5.2 suggests, most characteristic types of
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Fig. 5.2. (a) Areal coverage (KDE method) of SCP (x-axis) and N15 scores (y-axis).
Dots are colored based on 6-category k-means clustering of the 4-dimensional
decomposition of the N3 index of the 6072 cases ranked in Section 3, with red dots
indicating major tornado outbreaks, light green dots indicating hail-dominant outbreaks,
blue dots indicating wind-dominant outbreaks, cyan dots indicating mixed-mode events
with a slight propensity for more wind events, dark green dots indicating mixed-mode
events with a slight propensity for more hail events, and magenta dots indicating mixed-
mode, relatively minor events. (b) As in (a), using SBCAPE. (c) As in (a), using areal
coverage of STP (y-axis). (d) As in (b), using areal coverage of 0-1 km SREH (y-axis).

outbreaks do not cluster appreciably. Hail-dominant and wind-dominant events have
significant overlap, suggesting their discrimination would be quite difficult using most
severe weather parameters. Statistical analyses similar to those shown in Section 4 can
be conducted on certain pairs of classes (e.g., hail-dominant versus wind-dominant) or all

classes (via statistical techniques such as multi-categorical support vector machines) to
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determine the utility of a range of severe weather parameters to discriminate these types
of events from each other.

Another focus for future research should include multi-day outbreaks. These
events, currently accounted for as separate daily outbreaks for the work presented in
Section 3, occur over multiple diurnal periods. They generally can be categorized as two
types. The first features a progressive, long-track cluster of severe weather reports
associated with a single synoptic-scale system (e.g., Figs. 5.3a,b). These types of events
may have diurnal maxima and minima, associated with daytime heating and nocturnal
boundary layer stabilization, but clearly evolve over a long stretch of the nation. The

second type of multi-day event occurs in the same general vicinity over consecutive days
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(e.g., Figs. 5.3c,d). These events typically feature a nearly stationary longwave trough
with multiple progressive smaller-scale vorticity maxima associated with individual
clusters of reports at distinct times.

Multi-day outbreaks provide several foci for additional research. For example,
future work can address the association between areal coverage of severe weather
parameters and peak frequency and/or intensity of the outbreaks, particularly with
significant tornadoes. Additionally, identification of any consistent signals with the
synoptic-scale systems associated with the most significant multi-day outbreaks would be
appropriate. For example, are anomalously strong synoptic-scale systems (which could
be measured in various ways) more likely to produce multi-day outbreaks? Evaluation of
mesoscale model simulations of multi-day outbreaks may provide insight into the
predictability of such events, and the sensitivities of the evolution of these outbreaks to
the synoptic and subsynoptic environments, scale interactions, and convective
modification. This research could provide a means for forecasting the evolution of
outbreaks in a systematic way, rather than providing a single 24-h forecast.

Finally, can antecedent environmental conditions be used to predict the relative
severity of convective outbreaks? In Sections 2 and 4 herein, severe weather parameters
were used as diagnostic variables, where the values of these parameters were valid
roughly when the event was ongoing. Evaluation of these variables as forecast
parameters, valid at times preceding the event of interest, may be valuable (see Doswell
and Schultz 2006 for a discussion). It is quite common in short-term forecasting of
severe weather to use the current values of severe weather parameters to predict the

characteristics of the severe weather a short time in the future. This necessitates
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evaluation of these parameters that are valid before the event occurs. For outbreak
events, a dataset such as NARR can be obtained before the event (e.g., rather than using
the fields valid just before the median time of the event, one can use the fields three hours
in advance of the fields valid before the median time of the event). Datasets with higher
temporal resolution (e.g., RUC analyses) may be even more helpful in such
investigations, though this typically results in a smaller sample of cases that can be tested.
With a large number of studies in the literature that are at least somewhat
associated with tornado outbreaks (over 800 in the AMS journals alone), there are very
few that look at a large sample of these events to examine general characteristics and how
these differ from less significant outbreaks. The results presented herein and discussed in
M09, S09, Mercer et al. 2010, S10a, S10b, Shafer et al. (2010c), SD10a, and Shafer and
Doswell (2010b) suggest that our understanding of these events, although certainly
improved from initial investigations in the 1950s and 1960s, remains quite limited. It is
hoped that the work presented in this paper provides substantial support for a renewed
focus on these high-impact events, particularly in efforts to increase our physical
understanding of the underlying processes responsible for the widespread development of
(significant) tornadoes and to improve our observations of these events. Without this
increased physical understanding, the false alarm problem that pervades outbreak
discrimination currently will continue for the foreseeable future. Without systematic
improvement in the observation of severe weather, uncertainties regarding an outbreak’s
meteorological significance and relative severity will plague evaluation and verification
studies hereafter. Based on the significant threat these events pose to life and property,

these limitations should be unacceptable to severe weather forecasters and researchers.
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