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ABSTRACT
While both tornadoes and flash floods individually present public hazards, when the two threats are both
concurrent and collocated (referred to here as TORFF events), unique concerns arise. This study aims to
evaluate the climatological and meteorological characteristics associated with TORFF events over the
continental United States. Two separate datasets, one based on overlapping tornado and flash flood warnings
and the other based on observations, were used to arrive at estimations of the instances when a TORFF event
was deemed imminent and verified to have occurred, respectively. These datasets were then used to discern
the geographical and meteorological characteristics of recent TORFF events. During 2008–14, TORFF
events were found to be publicly communicated via overlapping warnings an average of 400 times per year,
with a maximum frequency occurring in the lower Mississippi River valley. Additionally, 68 verified TORFF
events between 2008 and 2013 were identified and subsequently classified based on synoptic characteristics
and radar observations. In general, synoptic conditions associated with TORFF events were found to exhibit
similar characteristics of typical tornadic environments, but the TORFF environment tended to be moister
and have stronger synoptic-scale forcing for ascent. These results indicate that TORFF events occur with
appreciable frequency and in complex meteorological scenarios. Furthermore, despite these identified differences, TORFF scenarios are not easily distinguishable from tornadic events that fail to produce collocated
flash flooding, and present difficult challenges both from the perspective of forecasting and public
communication.

1. Introduction
Losses due to weather-related hazards have continually increased within the United States despite mitigation and advances in predictive science and technology
(e.g., Changnon et al. 2000; Bouwer 2011). Among the
various atmospheric hazards that can lead to loss of life
and property, tornadoes and flash floods are two of the
most impactful (e.g., NOAA 2011). Tornadoes occur
approximately 1000 times per year in the United States,
with almost 20 000 direct fatalities reported between
1880 and 2005 (Ashley 2007). Though the populationnormalized yearly fatality rate associated with tornadoes has been steadily decreasing during the twentieth
century (e.g., Brooks and Doswell 2002), it is possible
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that continued urbanization could lead to more catastrophic events in the future (e.g., Wurman et al. 2007).
Flooding is responsible for almost 100 fatalities per year
with the flash flooding archetype being the most deadly
and, unlike tornado-related deaths, did not see any appreciable decrease in fatality rate from 1959 to 2005
(Ashley and Ashley 2008).
Given the considerable threat tornadoes and flash
floods pose individually, any simultaneous occurrence of
these hazards in the same location is particularly dangerous (Rogash and Smith 2000; Rogash and Racy 2002,
hereafter RR02). In the case of multithreat scenarios,
effective communication of the most pertinent threat to
those in harm’s way can be muddled as a result of differing instructions associated with each hazard. This is of
particular concern for tornadoes and flash floods since
the lifesaving actions for each hazard are contradictory;
tornado safety protocol recommends taking shelter in a
low-lying interior room, whereas flood safety protocol
recommends retreating to high ground. Throughout this
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FIG. 1. Radar image from Dallas–Fort Worth NEXRAD (KFWS), obtained from RadarScope by Weather
Decision Technologies, for a recently observed overlapping tornado and flash flood warning scenario valid at
0311 UTC 27 Apr 2015 in north-central Texas (just south of the Dallas–Fort Worth area). Red polygon corresponds
to tornado warning, green polygon corresponds to flash flood warning, and yellow polygon corresponds to severe
thunderstorm warning.

study concurrent, collocated tornado and flash flood
events will be referred to as TORFF(s) for the sake of
simplicity. ‘‘Concurrent’’ in this study will refer to events
where the period of each individual threat overlaps
and not necessarily to events that occurred at the exact
same time. Furthermore, ‘‘collocated’’ will refer to a
particular location experiencing both threats. A visual
representation of a recent multithreat tornado and
flash flood scenario is presented in Fig. 1 and illustrates
the complicated warning scenarios that can arise.
The region encompassed by both the tornado and
flash flood warnings, including the towns of Keene,
Cleburne, and Grandview, Texas (Fig. 1), provides
an example of the type of situation in which a TORFF
event may occur.
There are numerous historical examples of the impacts
that TORFF events can have on society. On 31 May
2013, a TORFF event in Oklahoma City, Oklahoma,
tragically illustrated examples of the additional complexities in warning dissemination and risk perception
in a multithreat, collocated event, which further magnified the danger beyond the meteorological hazard alone.
Thirteen deaths were associated from the flash flooding

whereas eight deaths were directly associated with the
tornado. Perhaps most alarming, members of the public
interviewed seemed to have no knowledge of the flash
flooding threat despite warnings in place and social media
dissemination (NWS 2014). More recently, a woman
drowned in Oklahoma in May 2015 while seeking refuge
from a tornado in a storm shelter (KWTV 2015). These
events, and other similar events [e.g., the Nashville,
Tennessee, flood in 2010; NWS (2011a)], underscore the
exceptionally life-threatening situation that TORFFs can
produce. Compared to single-hazard events, it moreover
illustrates how such events can increase the public’s vulnerability because of complications affecting their awareness, understanding, sensitivity, and adaptive capacity (e.g.,
Morss et al. 2011).
TORFF events pose a particularly difficult challenge
to operational forecasters (Rogash and Smith 2000),
which further compounds the complexity and danger of
these situations. Meteorological conditions that are favorable for tornado formation are often not conducive
for flash flooding and vice versa (cf. e.g., Maddox et al.
1979; Doswell et al. 1996; Doswell 2001; Markowski and
Richardson 2010; Mercer et al. 2009; Smith et al. 2012;
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Thompson et al. 2012). For instance, tornadoes are
associated with surface-based convection (e.g.,
Nowotarski et al. 2011) and fast convective cell motions,
while flash floods can be caused by both surface-based
and elevated convection and usually need slow cell
motions or ‘‘echo training’’ to cause large rainfall accumulations. Forecasters must be aware of and closely
monitor complex situations that can provide the environmental ingredients necessary for both tornadoes
and flash floods. Furthermore, the occurrence of one
phenomenon—typically tornadoes—before the onset
of another hazard can potentially take priority and
hamper identification of subsequent weather hazards
such as flash floods (e.g., Schwartz et al. 1990). The
failure of forecasters to identify the flash flooding event
in a timely manner can further increase the danger of
TORFF events.
Compared to individual tornado and flash flood
events, relatively few studies have examined the meteorology and climatology associated with TORFF
events (Rogash and Smith 2000; Smith et al. 2001;
RR02). RR02 discussed the meteorological characteristics associated with significant tornado events [at
least two tornados rated as category 2 events on the
Fujita scale (F2) or one F3 tornado] and flash flooding
that occurs within 250 km and 3 h of one another
from 1992 to 1998, and found that the meteorological
setup was largely indicative of typical tornadic environmental characteristics. However, RR02 identified
three main meteorological setups (Fig. 2) that were
conducive for the nearby concurrence of tornadoes
and flash flooding. Although differences do exist between the scenarios, one commonality is proximity
to an approaching, distinct midtropospheric trough
with event location in the divergent region of an uppertropospheric jet streak. While RR02 looked at patterns
conducive to both tornadoes and flash flooding from
the same synoptic system, these authors did not investigate the enhanced hazards of directly collocated,
concurrent tornado and flash flood events, and the
associated complicated decision-making aspects of
these events.
This study aims to quantify the prevalence and characteristics of TORFF events to help improve future
adaptive capacity. The results present a recent climatology of TORFF events, classify each event by storm
characteristics, and identify unique environmental characteristics that differentiate TORFF events from nonflash-flood-producing tornado events. Section 2 describes
the methodology used in this study, and results are discussed in section 3. Sections 4 and 5 summarize results
and present discussion for future work and conclusions,
respectively.
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FIG. 2. Adapted from Figs. 2–4 in RR02 showing features associated with each synoptic pattern, identified within the paper, of
near-tornado and flash flood events. Presented are (a) frontaltype, (b) meso-high (outflow boundary), and (c) synoptic patterns.
Surface low and high centers are represented by L and H, respectively.
Surface boundaries are denoted following normal mapping conventions, with the exception of the outflow boundary, which is denoted by
the darker, thinner cold front convention. Dashed gray lines
represent the 500-hPa trough axis, brown arrows represent the
500-hPa jet location, and gray arrows represent the 850-hPa jet.
Orange dashed lines represent 850-hPa potential temperature
contours. Shaded green region marks area where the potential for
tornadoes and heavy rainfall exists.

2. Methods
a. Case selection
Two different case identification strategies were employed
in order to arrive at a representation of TORFF prevalence
in both potential and verified meteorological occurrence.
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Each of these strategies highlights unique aspects of
TORFF climatology. The first method was based on
overlapping tornado and flash flood warnings, which
provides an overestimate for the number of verified
events but illustrates the number of times the threat was
communicated as imminent to the public. The second set
was based upon collocated tornado tracks and flash flood
observations, which will give a conservative estimate for
the number of cases but is better suited for meteorological examination, as mentioned later in this section.
ArcGIS was used to evaluate and identify cases of
both documented events and weather warnings. Archived tornado and flash flood warnings from 2008 to
2014, in shapefile format, were obtained from the Iowa
Environmental Mesonet (IEM) Geographic Information System (GIS) archive (available online at https://
mesonet.agron.iastate.edu/GIS/). Although the archive
goes back beyond 2008, these dates were chosen to coincide with the adoption of storm-based warnings for
both tornadoes and flash floods (e.g., Waters et al. 2005;
Ferree et al. 2006). The spatial intersections of tornado
and flash flood warnings that occurred within 30 min of
one another were identified over the continental United
States from 2008 to 2014, using the ArcGIS pairwise
intersect tool. The 30-min threshold was chosen because
it is a reasonable estimate for the amount of time a
person could spend sheltering in the case of a tornado
warning, since the average warning is approximately
40 min in length (e.g., Sutter and Erickson 2010). The
geographic centroid and spatial standard deviations associated with the warning intersections were then calculated. National Weather Service (NWS) Weather
Forecast Office (WFO) and River Forecast Center
(RFC) boundaries were overlaid to discern any spatial
dichotomies across forecast areas. The temporal and
spatial distributions of these intersections were then
evaluated.
Although warning intersections show where and when
the threats were deemed imminent by weather forecasters and public officials, they do not provide definite
verification of TORFF events. Tornado tracks and flash
flood observations were used to produce a case list of
verified TORFF events. Flash flood reports were obtained in GIS shapefile format over the period between
2008 and 2013 from the U.S. Flash Flood Observation
Database, which was created as part of the Flooded Locations and Simulated Hydrographs Project (FLASH;
Gourley et al. 2013). Tornado track information over the
same period was obtained from the Storm Prediction
Center’s (SPC) Severe Geographic Information System
(SVRGIS) database (available online at http://www.spc.
noaa.gov/gis/svrgis/). TORFF observations were identified, using ArcGIS, as locations where both a flash flood
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observation and tornado track exactly intersected within
3 h of one another, similar to the time period allowed in
RR02. This method only identifies exact points that fit the
above criteria and will generally underestimate the
number of events in the time period, since events that are
slightly displaced (by even 1 km) will not be identified.
However, based upon the available datasets, the method
yields high confidence that a TORFF episode occurred
at the identified locations and times. Throughout the
rest of this study, events identified via the observation
intersection method and clustering analysis discussed
below will be referred to as verified TORFF events.
A given severe weather episode may produce many
individual flash flood and tornado overlaps. Since the
purpose of this analysis is to examine meteorological
aspects of the storm system as a whole, a method was
used to cluster individual events within a storm system
together. Identified TORFF observations from 2008
through 2013 were clustered based upon latitude, longitude, and time using the affinity propagation (AP) technique (Frey and Dueck 2007). The Python programming
language library Scikit-learn (Pedregosa et al. 2011) was
used to implement this clustering technique. AP clustering considers all points as potential exemplars (cluster
centers) with each data point viewed as a node in a network that then communicates recursively across the
network to minimize an energy function to arrive at exemplars. In this case, the energy function used was the
Euclidean distance. The number of exemplars is dynamic
for a given set of points and depends on the user-specified
‘‘preference.’’ Also, a dampening factor is prescribed to
set a limit on the number of iterations in the message
passing procedure between points that impact the configuration of clusters. Through examination of extreme
cases (i.e., large number of tornado event days and days
with large geographic and time separation of tornado
events), the preference was set to 230 and the dampening
factor to 0.8 to ensure reasonable uniformity of meteorological conditions within the cluster. The choices of
preference and dampening constant values were made
through trial and error to obtain clusters with reasonable
uniformity of meteorological conditions through space
and time and to create single-point clusters for obviously
isolated events. Preference can vary from 21000 to 0
while the dampening factor varies from 0 to 1. These
identified cases were then used throughout the rest of the
study for storm classification and meteorological characteristic analysis. Figure 3 shows an illustrative case of
cluster analysis for the April 2011 tornado outbreak
(NWS 2011b) in which clusters are identified outside of
the main outbreak in northern Virginia and New York,
while the main outbreak is composed of six clusters, in
which tornadoes occurred in meteorological conditions
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FIG. 3. Example of the cluster analysis method for observed
tornadoes on 27 Apr 2011 during a tornado outbreak. The identified clusters are given a unique color. Each tornado is identified by
the small circular markers, while the cluster centroid is demarcated
by the triangle markers.

that varied through space and time from Louisiana early
on 27 April 2011 to later in the day in southwestern
Virginia.

b. Radar classification
Verified events were then subjectively classified based
on observed radar characteristics and, secondarily, on
synoptic analyses. These events were broken down into
five main classes describing the meteorological regime
in place at the time of the verified TORFF event. The
main subdivisions were tropical cyclone, synoptic, discrete cells, mesoscale convective system (MCS), and
transitioning from discrete cells to an MCS. Verified
TORFF events were characterized as MCSs if the observed radar pattern at the time of the event was indicative of previously identified MCS archetypes (e.g.,
Maddox 1980; Bluestein and Jain 1985; Houze et al.
1989; Parker and Johnson 2000; Schumacher and
Johnson 2005). Tropical events were classified as those
clearly occurring within the influence of a landfalling or
inland-moving, identifiable tropical storm. Tropical examples in the analyzed period that produced verified
TORFF events include Hurricanes Ike in 2008 and Isaac
in 2012. Some events that occurred in the cold or warm
season were associated with large-scale synoptic forcing
(e.g., a cold front) and were characterized as such.
However, events featuring the upscale growth of convection from discrete cells to a more organized MCS
structure were classified separately. If at any point
within 3 h following the verified TORFF event the responsible storm could be identified as one of the MCS
archetypes, it was classified as transitioning. This category represents verified TORFF events that occur between cellular thunderstorm and mesoscale convection

dominated regimes. The meso-a organization of convection, rather than the evolution of the particular cell
or cells associated with the verified TORFF event(s),
was assessed to make this distinction between discrete
and transitioning classifications. Additionally, the typical warm season classifications (discrete, transitioning,
MCS) were further subdivided based on the evaluation
of cell motion. Subdivision was made based on whether
convective cells repeatedly moved over the same area;
events that did were given the label ‘‘training’’ while
those that did not were labeled ‘‘nontraining.’’ This
distinction was made since training situations typically
produce increased flooding risk (e.g., Doswell et al.
1996). This creates simple classifications that describe
both the convective motion and organizational characteristics of each identified event. Thus, examples of
classifications used to describe verified TORFF events
include ‘‘training transitioning’’ and ‘‘nontraining’’ MCS
as well as ‘‘training’’ and ‘‘nontraining’’ discrete. The
events characterized as nontraining discrete include
verified TORFF events that were the result of discrete
clusters of individual thunderstorms or in some cases a
single thunderstorm. A distinction between the two is
made in the appendix but not in the classification results.
If no clear radar classification could be identified, the
event was classified as ‘‘other.’’ A full list of classifications is provided in Table 1.
Figure 4 shows a training transitioning example from
26 May 2010. The intersection of the verified TORFF
event in western Kansas is annotated in Fig. 4a. Figure 4a
shows the initial formation of supercell thunderstorms
in western Kansas near the TORFF location. By 2357
UTC, in Fig. 4b, the base reflectivity shows convective
activity continuing to affect the TORFF area. An hour
later, the initial supercell, with hook echo evident,
moved to the east and was replaced by a subsequent
storm cell (Fig. 4c). Two hours later in Fig. 4d, at 0256
UTC, the convective activity moved away from the
TORFF area and grew upscale into an MCS. Figure 5
shows an example of a training, discrete verified TORFF
event (the event in Fig. 5a occurred in western Arkansas).
Figure 5b, at 2257 UTC 30 May 2013, shows a situation
similar to the training transitioning case with two supercells poised to affect the TORFF area. By 0059 UTC the
western convective cell had intensified, but there were no
signs of this specific activity organizing upscale into an
MCS, although one did form from other convective cells
in the area.

c. Meteorological analysis
The authors employed two separate methods to assess the differences in the meso-a- (;100–1000 km) to
synoptic-scale (;1000–2000 km) atmospheric characteristics
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TABLE 1. Table of classifications used and attributed to the 68 identified TORFF events.

Training
Nontraining
Other

Discrete

Transitioning

MCS

Training discrete
Nontraining discrete
TC

Training transitioning
Nontraining transitioning
Synoptic

Training MCS
Nontraining MCS

between TORFF and tornado-only events (TOR). Since
most severe weather, including tornadoes, is dependent
on absolute environmental conditions being satisfied
[e.g., convective available potential energy (CAPE) and
low-level shear above certain thresholds], one method
looks at the direct full-field values in the assessment of the
synoptic pattern. Because flash flood forecasting depends
on factors beyond absolute rainfall amount, another
examines local climatological anomalies for the determination of flash flood risk and additional synoptic
variables. The two complementary analyses will be described in more detail below.

1) FULL-FIELD ANALYSIS (FFA)
To identify scenarios that produced only tornadoes
(i.e., TOR dataset), all tornado events from 2008

through 2013 in the SPC’s SVRGIS were clustered using
the same algorithm described for TORFF case identification. From 7886 tornado observations, 1622 event
clusters were identified with clusters sizes ranging from 1
to 57 tornadoes. When tornado outbreaks occur, multiple clusters are identified that capture the changes in the
environmental variables as the system, for example,
transitions from afternoon supercell activity to nighttime MCS activity several hundred kilometers downstream. The verified TORFF events were then removed
to form the database of TOR events.
In the first method, wind, temperature, moisture, and
geopotential height fields were obtained from the North
American Regional Reanalysis (NARR; Mesinger et al.
2006) at the time of each verified TORFF event and 68
(the size of the TORFF case list) randomly selected

FIG. 4. Base radar reflectivity from Goodland, Kansas (KGLD), for a training transitioning TORFF case identified
to occur near 0000 UTC 26 May 2010 originating in western Kansas. Images are valid at (a) 2257 UTC 25 May,
(b) 2357 UTC 25 May, (c) 0056 UTC 26 May, and (d) 0256 UTC 26 May 2010. A larger geographic area, compared to
(a)2(c), is shown in (d), which covers the eastern third of Colorado, the southern quarter of Nebraska, and almost
all of Kansas. Flash flood (green) and tornado (red) warnings are overlaid if valid at the time of the radar image.
White arrow represents the approximate location of the verified TORFF event. Two observation intersections were
associated with this event. The flash flood observation occurred around 0220 UTC 26 May 2010, while the two
tornado observations intersecting the flash flood observation occurred at approximately 0026 and 0044 UTC the
same day.
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FIG. 5. Base radar reflectivity from Little Rock, Arkansas (KLZK), for training discrete TORFF case identified
to occur near 2200 UTC 30 May 2013 in west-central Arkansas. Images are valid at (a) 2132 UTC 30 May, (b) 2257
UTC 30 May, (c) 2355 UTC 30 May, and (d) 0059 UTC 31 May 2013. Flash flood (green) and tornado (red)
warnings are overlaid if valid at the time of the radar image. White arrow represents the approximate location of
the verified TORFF event. The flash flood observation associated with this event occurred around 0000 UTC
31 May 2013 and the tornado observation occurred at approximately 2210 UTC 30 May 2013.

TOR events. Data were collected within a 45 3 45
gridpoint window (the NARR grid spacing is approximately 32 km) centered at the location of the event.
The authors then generated event-centered composites
of 850-hPa horizontal temperature advection, focusing in
particular on warm-air advection (WAA), 850-hPa winds,
850-hPa temperature, precipitable water (PWAT), most
unstable convective available potential energy (MUCAPE),
and 0–6-km bulk shear separately for TORFF events
and TOR events. Lifting associated with locally strong
low-level WAA (which is identical to isentropic upglide
for steady conditions) is often cited as a mechanism for
storm initiation and persistence in heavy convective
precipitation events (e.g., Maddox et al. 1979; Moore
et al. 2003; Schumacher and Johnson 2005; Trier et al.
2010; Peters and Schumacher 2014, 2015). WAA also
occurs in conjunction with veering low-level wind profiles,
which is an important ingredient in low-level mesocyclogenesis (e.g., Weisman and Klemp 1984; Thompson et al.
2012). Locally (and anomalously) high PWAT values
are also a frequent characteristic of flash flood environments (e.g., Junker et al. 1999; Moore et al. 2003;
Schumacher and Johnson 2005) and promote high
precipitation efficiency (e.g., Doswell et al. 1996). High
PWAT may also be a signature of deep-tropospheric
lift (which favorably influences convective convergence
and intensity by steepening lapse rates), where upward

motion transports moisture into the mid- to upper troposphere and increases the column-integrated water
vapor. Convective available potential energy is a necessary ingredient for deep moist convection, and high
CAPE values promote more vigorous ascent and more
intense rainfall rates when compared to low CAPE
values (e.g., Doswell et al. 1996). The probability of
significant tornadoes is also correlated with high CAPE
(e.g., Thompson et al. 2012). Finally, the 0–6-km shear
influences storm mode and persistence. Specifically, strong
0–6-km shear environments promote supercell storm
mode (Thompson et al. 2012) and long-lived MCSs
(Coniglio and Corfidi 2006) when compared to weaker 0–
6-km shear environments.
Composites for verified TORFF and TOR events
were compared both qualitatively and quantitatively.
For the quantitative comparison, values of WAA,
PWAT, MUCAPE, and 0–6-km shear were averaged
over a 5 3 5 gridpoint box centered at the event location
for each case (referred to as local averages). Local averages of 68 element samples, to correspond to the
sample size of verified TORFF events, were formed
via a bootstrapping procedure from each of the TOR
and verified TORFF datasets by sampling uniformly
with replacement. This process was repeated 1000 times
with a new sample of 68 randomly calculated each
time. The differences between the average values of

Unauthenticated | Downloaded 01/09/23 03:33 AM UTC

1680

WEATHER AND FORECASTING

quantities for each pair of resampled TORFF and TOR
datasets were then computed. The differences were
deemed statistically different from zero if both the
97.5th percentile smallest and the 2.5th percentile
smallest were of the same sign. For example, if the 950
largest of 1000 resampled local-average differences in
WAA between TORFF and TOR are positive, then
the difference between WAA local averages in the
TORFF and TOR datasets is statistically significant.
Further, probability density functions (PDFs) for the
composited fields were created to illustrate any distribution differences and highlight the calculated mean
values.

2) LOCAL STANDARDIZED ANOMALIES (LSAS)
To discern what synoptic-scale anomalies relative to
regional climatology distinguish verified TORFF from
TOR events, the second meteorological analysis method
uses historical model forecasts to compare the typical
meteorological conditions associated with each case.
Thirty years of reforecasts associated with the National
Oceanic and Atmospheric Administration’s (NOAA)
second-generation Global Ensemble Forecast System
reforecast dataset (GEFS/R) were used to compare
these event classes (Hamill et al. 2013). GEFS/R contains reforecasts of the February 2012 version of the
NCEP GEFS from December 1984 to the present. A
forecaster would have access to real-time guidance, such
as GEFS, when attempting to ascertain the threat of a
TORFF event. Identified differences between forecast
conditions in GEFS/R between verified TORFF and
TOR events were thus considered to have potential
utility from a forecasting perspective. For the purposes
of this study, only data from the control member of
GEFS/R was used to compare conditions corresponding
to the event types. Since the dataset contains once-daily
runs initialized at 0000 UTC, data from the nearest initialization to the event time (0–21-h forecasts) were
used. The majority of fields are archived on the model’s
native T254L42 (;40-km equivalent horizontal grid
spacing at 408 latitude) resolution; however, the fields
aloft (on pressure levels) are only stored on a 18 3 18 grid
(Hamill et al. 2013).
Making an accurate comparison between the conditions yielding verified TORFF events versus only
TOR events requires evaluating sample data that are as
comparable as possible. Having one event class disproportionately sampled from one region of the country
compared to another may yield results that simply reflect differences in the climatology of the predominantly
sampled region or regions. Similarly, one event class
being oversampled from one period of the year or day,
with respect to the other, may yield results that simply
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reflect climatological differences between various phases of the seasonal or diurnal cycle, respectively. These
differences, while important distinctions that are examined in the FFA, are well established and do not
identify all of the unique characteristics associated with
verified TORFF events. To alleviate these concerns and
ensure a more representative comparison, mean local
standardized anomalies (LSAs) were compared between samples following a methodology similar to a
previously established procedure (e.g., Hart and Grumm
2001). Conceptually, the differences between TOR and
verified TORFF events found in the FFA method [described in section 2c(1)] could come from either regional
differences, timing differences, or fundamental environmental differences. The latter part of this decomposition
was identified here using the LSA method.
Local standardized anomalies as defined in this study
are ‘‘local’’ in both the temporal and spatial senses. For
each cluster identified in TORFF and TOR case identification, the nearest data grid point to the cluster centroid was taken as the observation location, and the
nearest multiple of 3 h, beginning from 0000 UTC, to the
cluster centroid time was taken to be the observation
time. Having identified the observation location and
time in the GEFS/R record, a 21-day window centered
about the date of the event (10 days in either direction)
was used for each year over the data record (from December 1984 to May 2014) to gather a local climatology
for a specific atmospheric variable at the approximate
time of event occurrence. This set of values was then
standardized to form a set of LSAs; the LSA corresponding to the date of event occurrence was extracted
as the LSA for the cluster and atmospheric field being
analyzed. Repeating this for every identified cluster in
an event class (TORFF or TOR) yielded a set of LSAs
for the given event class and atmospheric variable in
question. The mean of these LSA values was computed;
these values are interpreted as the typical expected
standardized anomaly to anticipate for the atmospheric
variable and event type in question, irrespective of time
or location. This procedure was performed for all identified verified TORFF and TOR events to determine
mean LSAs for both classes of events. The difference in
mean LSAs was then calculated to determine what, if
any, synoptic differences distinguish cases that produce
collocated, concurrent tornadoes and flash floods from
those cases, which produce tornadoes but not flash
flooding. A difference-of-means test was used to assess
the statistical significance of these discrepancies.
This overall procedure was performed for a variety of
atmospheric fields, including wind—both zonal and meridional components—at several levels from the surface
to 500 hPa, specific humidity also from the surface to
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FIG. 6. Geographic distribution of concurrent, collocated tornado and flash flood warnings over the period from 2008 to 2014 (colored by
month). Black dot represents the geographic mean center, pink ellipse represents one spatial std dev away from mean center, and the black
and blue lines represent NWS WFO and RFC boundaries, respectively.

500 hPa, vertical motion at 850 hPa (specifically omega in
this analysis), deep-layer (from the surface to 500 hPa)
and shallow-layer (from the surface to 850 hPa) meridional
wind shear, surface temperature, mean sea level pressure
(MSLP), PWAT, and CAPE. Additionally, in order to
obtain a very rough gauge of the impact of antecedent
land surface conditions at distinguishing these event
types, volumetric soil moisture content (SOILW), as
output by GEFS/R, was also assessed.

3. Results
a. Climatology
Over the period between 2008 and 2014 in the continental United States, there were approximately 2800
tornado and flash flood warning intersections within
30 min of one another at the same location; the spatial

and seasonal distributions of these intersections are
presented in Fig. 6. Of these approximately 2800 intersections, the flash flood warning was issued before the
tornado warning in about 1300 instances. Furthermore,
when the flash flood (tornado) warning preceded the
tornado (flash flood) warning, it was issued on average
14.5 (16) minutes earlier; however, the frequency distributions were fairly uniformly distributed. The number
of warning intersections increased when allowing a
larger time separation between tornado and flash flood
warnings (Table 2); however, the spatial distribution was
insensitive to the time separation between warnings (not
shown). The geographic mean center of the intersections
is located in south-central Missouri, with the majority of
intersections occurring in the Mississippi River valley
from the eastern central plains to the Appalachian
Mountains (Fig. 6). Warning intersections, however, are
not limited to the geographic area depicted in Fig. 6,
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TABLE 2. Table depicting the number of collocated tornado and
flash flood warnings identified to have been issued within the
specified time threshold of one another from 2008 to 2014. During
these years, a total 26 108 flash flood warnings and 21 967 tornado
warnings were issued. The right column depicts the number of
events on average per year over the period analyzed at the specific
time threshold.
Overlap threshold time

No. of intersections

Yearly avg

15 min
30 min
45 min
1.0 h
1.5 h
2.0 h
3.0 h

1471
2808
4031
5061
6746
7957
9566

210
401
576
723
964
1137
1367

with events occurring from coast to coast, although in
some areas very few cases were identified (e.g., west
of the Continental Divide with only five intersections
not present on the map). Seasonally, the warning intersections occurred earlier in the calendar year in the
southern United States (March–May), and become
more common northward later on in the spring and
summer (May–July) (Fig. 6). The effects of the tropical
cyclones in the record are apparent along parts of
the Gulf Coast and eastern seaboard by the existence of
events in August and September. Upon closer examination, significant gradients in warning intersections
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appear across NWS WFO boundaries (Fig. 6). Some
WFOs do not have any intersections over the time
period investigated, whereas neighboring WFOs frequently have intersecting tornado and flash flood
warnings. Furthermore, differences in warning intersections across NWS RFC boundaries do exist but are
not as sudden as those across WFO boundaries. In
general, the distribution and frequency of warning
overlaps is maximized in the central to lower Mississippi valley from spring to early summer but overlaps
have occurred through all seasons and across the contiguous United States.
In total, 68 verified TORFF events were identified in
the period from 2008 to 2013 from the clustering of a
total of 221 overlapping observations (Fig. 7). The full
list of these events is presented in the appendix. The
seasonal cycle of warning overlaps versus verified clustered TORFF events is shown in Fig. 8. Both datasets,
and particularly the warning dataset, exhibit seasonality that is very similar to the seasonal cycle of tornadoes over the contiguous United States (Brooks
et al. 2003), with a broad springtime peak from April
through June, and distinct decreases in frequency before and after this period. In the observation record,
and to a lesser extent in the warning record, very few
events were identified during the late autumn and early
winter. This is likely explained by tornadoes and flash
floods becoming less frequent during these months,

FIG. 7. Geographic distribution of identified concurrent, collocated tornado and flash flood events over the period
from 2008 to 2013 (colored by month to match Fig. 5). Number near each marker corresponds to event specifics listed
in the appendix.
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FIG. 8. Normalized seasonal frequency of the warning intersections and identified TORFF
events in red and blue, respectively.

and the subsequent intersections of these events becoming less probable. Figure 9 illustrates the TORFF
diurnal cycle for each dataset. The cycle is again in
general accord with the U.S. tornado climatology:
a peak in frequency in the afternoon and early evening
hours (;1400–1900 LST), with a broad minimum occurring during the early morning hours (;0100–0900
LST). There is a slight offset seen when comparing the
warning and observation datasets, with the peak frequency of observed TORFF events occurring roughly
1–2 h before the warning-based diurnal maximum;
however, this does not imply that the verified TORFF
events came, on average, before their warnings. If
there were a one-to-one correspondence between
observations and warnings (i.e., every warning intersection had a corresponding verified observation,
which is not the case here), this would, in fact, imply a
lack of (in fact, negative) lead time for events. Here, it
could be a number of things, including events being
more likely to be verified during daylight (i.e., earlier),
an artifact of the identification methods employed, or

sampling error, both in true differences in the diurnal cycle based on bulk geographical and seasonal
differences between the samples and from random
sampling.

b. Radar classification
The results of the radar-based classification procedure
described in section 3b are shown in Table 3. The largest
percentage of cool season events fell into the synoptic
category, at 20% of total cases (13 events). In the warm
season, landfalling and inland tropical cyclones accounted for seven events (11% of the total verified
TORFF events). The remainder of the cases (nearly all
of which occurred in the warm season) contributed
nearly equal numbers to the total: MCS with 15 events
(23% of total), transitioning with 16 events (24% of
total), and discrete with 15 events (23% of total).
Twenty-five nontropical, warm season events were associated with training convective cells, while only 18
were associated with nontraining radar signatures. The
discrete category was evenly split among six training and

FIG. 9. As in Fig. 8, but for diurnal (LST) frequency.
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TABLE 3. Breakdown of radar-based TORFF event classifications
for the 68 identified events.

VOLUME 30

c. Meteorological analysis
1) FULL-FIELD ANALYSIS

MCS
Transitioning
Discrete
Synoptic
Tropical
Other

Training

Nontraining

Total

6
13
6
—
—
—

9
3
9
—
—
—

15
16
15
13
7
2

nontraining events. In the case of verified TORFF
events occurring from a preexisting MCS, the majority
were nontraining events with nine compared to the six
training events. Training was present in the majority of
the transitioning events, with 13 training transitioning
events and 3 nontraining transitioning events present in
the data.

The overall distributions of the local averages for verified TORFF and TOR events were similar for WAA,
PWAT, MUCAPE, and 0–6-km shear, with standard
deviations of TOR local averages on the order of
10%–15% higher than that of verified TORFF events
(Fig. 10). Both TORFF and TOR events typically occurred along an east–west-oriented low-level temperature
gradient, within a locally enhanced low-level jet (LLJ),
and within a region of locally maximized low-level
WAA (Figs. 11a,b). The expanse and magnitude of
WAA is larger in the verified TORFF composites than
the TOR composites (Fig. 11a), and the verified TORFF
local averages are statistically larger than the TOR local
averages (Fig. 10a). This result suggests that low-level

FIG. 10. Histograms of point values of (a) WAA (K s21), (b) PWAT (mm), (c) MUCAPE (J Kg21), and (d) 0–6-km
bulk shear (m s21) for TOR (blue lines) and TORFF events (red lines). Mean values for TOR events are blue dashed
lines, and TORFF events are red dashed lines. The std devs, and the 95th and 5th percentile differences of the mean of
TOR and TORFF events (from the resampling procedure described in the text), are listed; when both percentile
values are same signed, the difference of the mean values of TOR and TORFF events is statistically significant (black
headers are statistically significant; red headers are not).
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FIG. 11. (a) The 850-hPa WAA (K h21; shading with values ,1 K h21 masked), temperature (K; blue dashed
lines), geopotential height (m; black contours), winds (kt; gray wind barbs), and the event location (cyan circle) for
TORFF events. (b) As in (a), but for the 68-member subsample of TOR events. (c) PWAT (mm; shading with
values ,25 mm masked), MUCAPE (J Kg21; blue contours), 0–6-km shear (m s21; gray wind barbs), and the event
location (black circle) for TORFF events. (d) As in (c), but for the 68-member subsample of TOR events.

synoptic-scale forcing for ascent is typically larger, and
promotes more widespread storm development in verified TORFF events than TOR events. Further, the increased WAA in the TORFF composite is present not only
near the event center, but also upstream (Figs. 11a,b). The
patterns of PWAT, MUCAPE, and 0–6-km shear were also
compared similarly between the verified TORFF and TOR
composites (Figs. 11c,d). Events occurred within east–westoriented gradients of PWAT and MUCAPE (with highest
values to the south), and southwesterly 0–6-km shear of
35–40 knots (kt; 1 kt 5 0.51 m s21). PWAT and MUCAPE
values from verified TORFF events near the event location
were, on average, larger than in TOR events (Figs. 11c,d),
and the local-average differences in these quantities are
statistically significant (Figs. 10b,c). This suggests that the
environments of verified TORFF events promote more
vigorous storms with higher rainfall production and precipitation efficiencies. The 0–6-km bulk shear is slightly
higher in the TORFF composites than in the TOR
composites (Figs. 11c,d); however, the local averages of

this difference are not statistically significant (Fig. 10d).
This suggests 0–6-km shear does not strongly influence
whether a tornado event will produce a flash flood.

2) LOCAL STANDARDIZED ANOMALIES
From the filled contours, Figs. 12a–d illustrate the
full-field values, which are determined for each event
to be an intermediate step in the LSA method, for
precipitable water, the meridional component of 80-m
wind, and the vertical velocity and horizontal temperature advection at 850 hPa, respectively, for the 27 April
2011 tornado outbreak, which produced a verified
TORFF event [case 48; Knupp et al. (2014)]. The fullfield variables in Fig. 12 are very similar to the FFA
presented in the previous section, but are only an intermediate step in the LSA method. It is apparent that
this is a very strongly forced environment, with a large
region of warm-air advection exceeding 0.5 K h21 extending from Arkansas and Louisiana northeast through
western Tennessee and Virginia into Indiana. Further
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FIG. 12. Synoptic setup at 0900 UTC 27 Apr 2011. Color depicts the (a) GEFS/R control member forecast for
precipitable water, (b) meridional component of 80-m winds, (c) 850-hPa vertical velocity (omega), and (d) 850-hPa
temperature advection. Contours indicate the computed LSAs for this time and location; contour spacing is 0.5 (top)
and 1.0 (bottom).

evidence is the nearly collocated synoptic vertical rising
motion (GEFS/R being too coarse a model to resolve
individual updrafts in a convective system) of mostly
greater than 1 Pa s21, in addition to the strong low-level
southerlies at 80 m, with sustained wind speeds of up to
15 m s21 forecast. It is also clear that the environment is
conducive to the production of appreciable rainfall, with
updrafts in a region of 40–60-mm PWAT. What is less

clear, absent additional knowledge of the local climate
of the southeastern United States, however, is whether
these conditions are sufficient to produce flash flooding,
or whether instead these conditions are sufficiently
typical for the area that the land surface is able to accommodate the amount of rainfall without appreciable
runoff. To gain a better appreciation for how the conditions on this day compare with the local climatology
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TABLE 4. Results of the mean LSAs calculated in this study. The TORFF row depicts the mean anomaly from the sample of all identified
TORFF cases (68) compared to the climatological environment. The TORFF 2 TOR row represents the difference in the mean LSAs
between identified cases producing simultaneous collocated tornadoes and flash floods and those that produced only tornadoes (1622 cases
over 2008–13; positive values indicate that TORFF events were more positively anomalous). Anomaly differences statistically significantly
different from zero (a 5 0.05) are depicted in boldface; differences significant at 90% but not 95% confidence are italicized. The column
headers U10 and V10 depict the zonal and meridional components of the 10-m winds, respectively; U80 and V80 depict the zonal and
meridional components at 80 m above the ground, respectively; U500, V500, U850, and V850 correspond to the zonal and meridional
components of the wind at 500 and 850 hPa, respectively; v850 corresponds to omega at 850 hPa (more negative implying stronger ascent);
V500,10 and V850,10 indicate the difference between the meridional component of the wind from the 500- and 850-hPa levels and 10 m; T2M
indicates the 2-m temperature; Q2M, Q850, and Q500 denote the specific humidity at 2 m, 850 hPa, and 500 hPa, respectively. WAA corresponds to 850-hPa warm-air advection. Data, unless otherwise noted, are taken from the native Gaussian grid of GEFS/R. Variables
U850, U500, V850, V500, V850,10, V500,10, Q850, and Q500 use the 18 3 18 grid.

TORFF
TORFF–TOR

TORFF
TORFF 2 TOR

U10

U80

U850

U500

V10

V80

V850

V500

V850,10

V500,10

20.44
20.46

20.31
20.36

0.64
0.24

0.55
0.11

1.11
0.53

1.12
0.57

1.59
0.85

1.40
0.60

1.66
0.96

1.03
0.39

v850

T2M

Q2M

Q850

Q500

MSLP

PWAT

CAPE

SOILW

WAA

1.62
0.46

1.54
0.53

0.87
0.19

21.63
20.58

1.54
0.51

3.81
1.28

5.22
1.18

1.27
0.82

22.37
21.25

0.41
0.07

for this time of year, the LSAs for this case are also
shown (Fig. 12, contours). Some fields, like vertical motion and temperature advection, have a fairly uniform
mean-state value of 0, and the LSAs reduce to a simple
rescaling of the full-field values, with the exact rescaling
depending on the regional variance. It is evident that the
forcing seen here is extremely anomalous, with a large
region of anomalies in excess of four standard deviations
from typical conditions. However, with other fields such
as PWAT, the relationship between full-field values and
local anomalies is less clear since the mean value varies
with location. This can be seen in Fig. 12a, with a
northward displacement seen with the LSA maxima
compared with the full-field maxima, indicating the climatologically higher precipitable water to the south.
The PWAT anomalies in excess of one standard deviation above normal and maximizing with a PWAT
anomaly over two standard deviations above normal
over western Tennessee highlight the added risk of flash
flooding in this environment, in addition to the identified
tornado threat.
Table 4 shows the mean LSAs of verified TORFF
events for a variety of atmospheric fields. Overall, the
findings largely agree with what one would intuitively
expect for a TORFF event with the necessary ingredients for convection of moisture, instability, and lift
all being present (e.g., Doswell et al. 1996). In the
moisture fields, anomalously high specific humidity is
apparent throughout the troposphere, especially in the
lower levels where the near-surface mean specific humidity LSA was 1.62 compared with 0.87 at 500 hPa.
Anomalous column-integrated moisture is perhaps best
illustrated in the precipitable water field, where the

mean LSA was 1.54. A stronger signal is observed in the
meridional component of the wind, with LSA anomalies
larger than one standard deviation at all levels analyzed,
and the sign of the mean LSA indicating anomalous
southerly flow. The low-level anomalies are consistent
with a strong, southerly LLJ signature, while the upperlevel anomalous southerlies are also consistent with
being on the upstream side of a long wave trough and
enhanced moisture flux due to the persistent meridional
moisture gradient. A stronger signal still is seen with
respect to vertical velocity, with very strong anomalous
rising motion observed at the time of the event. Since the
vertical motion associated with individual convective
cores is not resolved in GEFS/R, this result is a signal of
stronger synoptic- to mesoscale ascent forcing in the
verified TORFF events. WAA at 850 hPa was also found
to be anomalously high with an LSA of 1.27. Results
from analysis of the CAPE and SOILW fields should be
interpreted with care, since at many grid points, these
fields rarely deviate from their mode state (i.e., the most
common model value: 0 J kg21 in the case of CAPE) and
rarely have very large values even when the conditions
are favorable for convection. Thus, only one or two days
may deviate appreciably from the mode state, in some
instances producing very large standardized anomalies.
Nevertheless, the results indicate that anomalously high
forecasted CAPE and anomalously high antecedent soil
moisture are present during TORFF events. In the wind
fields, the analysis indicates slight easterly anomalies in
the low-level flow, with mean LSAs of 20.44 and 20.31
for the zonal component of 10- and 80-m winds, respectively. In the mid- to upper levels, an anomalous
westerly component of the wind is typically present, which
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likely corresponds to a stronger than normal upper-level
jet. Further, verified TORFF events also occur with
anomalously strong meridional wind shear, which is unsurprising considering shear is a necessary ingredient for
tornadogenesis (e.g., Markowski and Richardson 2010). A
statistically significant warm anomaly, although of small
magnitude compared to other fields in this study, is apparent in surface temperatures on verified TORFF event
days, and a strong low pressure anomaly is also observed,
with a mean LSA of 21.63 present in the mean sea level
pressure field. Overall, this analysis shows that the ingredients for both tornadic and heavily raining storms are
in place during verified TORFF events.
The mean LSA differences observed between verified
TORFF and TOR events are also shown in Table 4;
positive values indicate the mean LSA was more
anomalously positive for the verified TORFF event
class. The general finding from this analysis is that
cases that produce flash floods in addition to tornadoes
are characterized by stronger synoptic-scale forcing for
ascent, stronger vertical wind shear, and more low-level
moisture. This is shown by the mean LSA differences
being approximately one-half standard deviations for
the surface, 850-hPa, and column-integrated moisture
fields with 2-m specific humidity, 850-hPa specific humidity, and precipitable water, respectively. Additionally, surface pressure anomalies are, on average, lower
in verified TORFF events than TOR events. Forcing for
ascent was also substantially larger in verified TORFF
events than TOR events at 850 hPa in both the vertical
velocity and WAA fields. Also consistent with the enhanced moisture anomalies, though anomalous southerlies are observed at all levels for both verified TORFF
and TOR event classes, the anomalous southerly flow is
stronger in the verified TORFF cases. This is also true of
both shallow- and deep-layer meridional wind shear,
which was found to be statistically significantly stronger in
verified TORFF cases compared with tornado-only days.
In TOR cases, there is no distinguishable signal in the
low-level zonal flow anomaly, but because of the anomalous near-surface easterlies observed in verified TORFF
cases, there is also an anomalous low-level easterly difference with TORFF events relative to TOR events,
perhaps attributable to a difference in the spatial distribution of the two event classes relative to synoptic systems. No statistically significant anomaly differences are
observed with respect to surface temperature or upperlevel zonal flow.

4. Discussion
This study demonstrates that TORFF warning intersections occur quite frequently with an average of
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400 yr21 at the 30-min overlap threshold. This number is
higher than the authors expected and highlights the
nonnegligible frequency of these dangerous situations in
public dissemination. The distribution of warning intersections changes suddenly, in some cases, near NWS
WFO boundaries (i.e., Fig. 6), suggesting warning intersections could be affected by individual WFO issuance tendencies. However, differences in meteorological
factors in the zonal and meridional directions could
also affect the distribution of TORFF warning intersections. Influences of NWS RFC flash flood guidance (FFG) products could also influence the spatial
patterns, especially if FFG is biased low and increases
flash flood warning false alarm ratios (e.g., Clark et al.
2014). Additionally, 68 TORFF events were identified
from 2008 to 2013, using the conservative method for
TORFF verification in this study. This more than
doubles the 31 events identified, albeit with different
but similar criteria, by RR02 from 1992 to 1998. These
results highlight the possible underestimation of the
TORFF event frequency in both the scientific data
record and the public’s perception of their occurrence. Recent highly publicized TORFF events (e.g.,
NWS 2014) have brought their existence to the attention of forecasters and the public, but the danger
of underestimating their impacts is, nevertheless,
present.
The meteorological characteristics of the verified
TORFF events are quite complicated and occur across
many precipitation modes. The radar classifications
(Table 3) produced a near-uniform distribution among
the main archetypes (i.e., MCS, transitioning, synoptic,
and discrete), with the exception of the seasonally
dependent tropical category. The most prevalent classification, training transitioning, highlights the period
of upscale growth from discrete convection to organized mesoscale systems as a particularly favorable
situation for verified TORFF events to occur. Given
the great difficulty associated with warm season
quantitative precipitation forecasts (e.g., Fritsch and
Carbone 2004) and related flash flood threat, the enhanced TORFF frequency of occurrence in the transitioning phase of MCS development adds to the
challenge of TORFF forecasting, especially given that
this phase of MCS development is often associated
with some of the most rapid error growth (e.g., Zhang
et al. 2007). The speed of the transition can also speak
to the likelihood of overlapping, concurrent weather
threats (e.g., Coniglio et al. 2010). While training
transitioning storms make up a large portion of
TORFF cases identified in this study, there does not
seem to be one dominant mode of TORFF production, which illustrates the forecast complexity
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modes of classification found in this study would likely
change if a spatial buffer between the flash flood and
tornado observations is used.
The event-centered composites (Fig. 11) highlight, in
general, that verified TORFF event environments exhibit typical lower-level tornadic characteristics, but
with stronger lower-level synoptic forcing present in
TORFF cases compared to TOR events. The large
values of WAA, PWAT, and MUCAPE suggest TORFF
environments produce more widespread, vigorous
convection. The LSAs identified similar synoptic-scale
characteristics indicative of TORFF events even when
the effects of local climatology and seasonality are removed. Not only are TORFF environments found to
occur in moister environments with a stronger forcing
for ascent both upstream and at the event center than
the complementary TOR cases, but they also occur in
environments that are more anomalously moist relative to the local climatology. Specifically, the verified
TORFF events occurred in regions of anomalously
high lower-level vertical motion and warm-air advection at 850 hPa, PWAT, and lower-level specific humidity at all levels examined at and below 500 hPa. The
LLJ is more amplified in the verified TORFF events
compared to TOR cases with enhanced upper-level
southerlies, which aids in meridional moisture flux.
The LSAs also indicate the importance of antecedent
soil moisture conditions on the occurrence of verified
TORFF events but is a particularly challenging aspect
to forecast and even observe (e.g., Robock et al. 2000).
Despite the differences in what these methods diagnose,
both the LSAs and full-field composites yielded the
same basic results. Given the wide range of the contiguous United States in which verified TORFF events can
occur, the application of both full-field thresholds and
regional anomalies is advantageous in discerning unique
aspects of the differences between the two event classes
examined in this study. Though the results of the meteorological analysis are not necessarily surprising, the
identified differences may aid awareness and mindfulness when forecasting favorable environmental conditions for tornadogenesis.
Direct comparisons between RR02 and the results in
this study can be problematic because of the differences in
case identification; however, similarities between the two
studies exist. Setting aside this study’s tropical and discrete
cases, which do not fit into the classification scheme of
RR02, leaves the synoptic, MCS, and transitioning categories. The synoptic class is nearly identical to the RR02
category as a prefrontal, synoptic-scale area of precipitation usually in the form of a squall line. Examining
the MCS categories in this study, all 31 cases fit into either
the meso-high scenario of RR02, in which an MCS exists
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in the warm sector, or the frontal category of RR02, which
is dominated by activity along the warm front.
TORFF events not only present a complicated meteorological challenge but also, as discussed in the introduction, create intricate communication interactions
that can further elevate the danger. Countless hazard
identification and communication scenarios are possible
depending on the multithreat event specifics, which further complicates the methods of evaluation for the forecaster and public response [e.g., as discussed for flash
flooding in Morss et al. (2015)]. It is not unreasonable to
expect fluctuations in the length of time spent for multihazard identification depending on the complexity and
characteristics of the meteorological setup. Additionally,
since a unified threat message associated with the
TORFF event would not be delivered, confusion on
the appropriate action to take could further increase the
time an individual spends deciding what action to take,
especially if the lifesaving instructions are contradictory
(e.g., Hough and White 2003). The possible notification
scenarios and actions are further multiplied with an individual possibly having knowledge or partial knowledge
of one threat, both threats, or no knowledge of any threat.
The complications due to the communication challenges alone could in turn leave less time to implement
an action plan that may or may not account for both
threats, potentially leading to hazardous outcomes.
Given the amount of uncertainty in the human and
meteorological aspects, the final individual personalization and actions taken are unknowable. These potential complications in the communication scenarios
imply that different warning communication methods
may be needed in concurrent, collocated, multithreat
scenarios such as TORFF events. While no definitive
answer to these communication challenges can be determined without extensive social science research, this work
is an important step in starting the topic of conversation to
continually improve and innovate potential lifesaving
notifications.

5. Conclusions
TORFF intersections, defined as officially disseminated overlapping warnings, occurred on average 400
times per year between 2008 and 2014. They occurred
with maximum frequency in the lower Mississippi River
valley with very few occurrences west of the Continental
Divide. Between 2008 and 2013, a total of 68 verified
TORFF events were identified and classified based on
radar and synoptic characteristics into categories of
tropical, synoptic, MCS, discrete, and transitioning categories. Through two analyses, the synoptic conditions
associated with verified TORFF events were found to be
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similar to typical tornadic environments; however, the
TORFF environment exhibited stronger large-scale
forcing for ascent and tended to be moister through
the atmospheric column. Furthermore, verified TORFF
events are difficult to distinguish from tornadic events
that share these characteristics and do not produce a
collocated flash flood. The results of this study show that
TORFF events occur in complex meteorological scenarios with substantial frequency and present challenges
through the entire weather warning process from forecasting to public communication and action. Future
work includes examining the storm-scale dynamics of
individual TORFF events, including a spatial buffer in
case identification, as well as examining the social and
communication aspects associated with TORFF and
other multihazard weather events.
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APPENDIX
Identified TORFF Events

TABLE A1. List of verified TORFF events and radar classifications used in the meteorological analysis. Case numbers correspond to those
geographically mapped in Fig. 7

Case

Lat (N)

Lon (W)

Approximate
time (UTC)

Date

Radar classification

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

37.198
37.698
36.278
35.528
38.778
38.988
39.288
40.588
39.548
39.128
40.398
43.508
43.488
42.898
44.228
35.828
31.948
31.648
31.718
37.608
37.638
39.358
37.198
42.608
42.558
30.138
33.358
33.838

92.858
92.658
91.328
97.628
76.948
100.638
100.268
99.918
89.298
84.388
101.738
89.118
90.908
89.518
86.148
79.798
90.408
91.858
91.808
97.638
92.558
88.958
97.128
87.948
90.308
92.738
93.098
92.768

0300
1800
0800
2000
0300
2000
2000
2000
0000
1000
2200
1800
2100
2100
0000
1500
1900
0200
2200
2100
1400
0400
0100
2100
2200
1600
2200
2200

8 Jan 2008
31 Mar 2008
10 Apr 2008
7 May 2008
9 May 2008
22 May 2008
23 May 2008
29 May 2008
31 May 2008
4 Jun 2008
4 Jun 2008
7 Jun 2008
7 Jun 2008
12 Jun 2008
13 Jun 2008
27 Aug 2008
2 Sep 2008
3 Sep 2008
3 Sep 2008
26 Apr 2009
8 May 2009
14 May 2009
17 Jun 2009
19 Jun 2009
24 Jul 2009
22 Oct 2009
29 Oct 2009
29 Oct 2009

Synoptic
Synoptic
Nontraining MCS
Nontraining transitioning
Nontraining MCS
Training transitioning
Training transitioning
Nontraining transitioning
Training transitioning
Training MCS
Training transitioning
Training MCS
Other
Training transitioning
Tropical
Tropical
Tropical
Tropical
Tropical
Training MCS
Nontraining MCS
Nontraining MCS
Discrete isolated
Training MCS
Training transitioning
Synoptic
Synoptic
Synoptic
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TABLE A2. Continued list of verified TORFF events and radar classifications used in the meteorological analysis. Case numbers correspond to those geographically mapped in Fig. 7

Case

Lat (N)

Lon (W)

Approximate
time (UTC)

Date

Radar classification

29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68

35.108
35.558
39.788
40.958
38.848
42.288
38.508
45.048
45.808
42.978
43.128
46.078
33.448
36.898
31.168
33.148
40.258
38.348
34.388
35.748
34.248
42.188
41.128
45.458
42.468
40.238
33.758
38.188
36.088
34.748
40.458
39.528
30.368
40.368
29.558
41.888
42.878
34.468
35.448
40.788

87.408
90.588
87.868
89.868
100.358
85.188
95.678
101.668
108.488
89.528
88.938
96.328
88.838
87.598
92.568
89.718
89.958
90.108
93.398
86.548
89.518
76.698
97.688
103.228
90.478
74.548
90.708
81.888
94.128
100.208
87.708
76.918
89.088
79.868
98.348
79.848
91.218
93.798
97.608
77.748

2000
0100
1600
1800
0000
0300
2000
2300
0900
2000
2100
2200
0700
0100
0200
1800
2100
0000
2000
0900
1700
0400
2100
2000
2300
0600
0000
0000
0200
0000
2100
1800
2100
1900
0900
2200
2100
2200
2200
1900

1 May 2010
2 May 2010
21 May 2010
25 May 2010
26 May 2010
6 Jun 2010
8 Jun 2010
16 Jun 2010
21 Jun 2010
22 Jul 2010
22 Jul 2010
7 Aug 2010
1 Jan 2011
25 Feb 2011
9 Mar 2011
15 Apr 2011
15 Apr 2011
23 Apr 2011
25 Apr 2011
27 Apr 2011
27 Apr 2011
28 Apr 2011
12 May 2011
18 Jul 2011
27 Jul 2011
28 Aug 2011
26 Sep 2011
3 Mar 2012
20 Mar 2012
1 May 2012
6 May 2012
1 Jun 2012
29 Aug 2012
27 Sep 2012
25 May 2013
28 May 2013
29 May 2013
30 May 2013
31 May 2013
27 Jun 2013

Training MCS
Training transitioning
Nontraining discrete
Nontraining discrete
Training transitioning
Nontraining MCS
Training transitioning
Nontraining transitioning
Nontraining discrete
Training MCS
Training MCS
Discrete isolated
Synoptic
Synoptic
Training transitioning
Training discrete
Synoptic
Training discrete
Nontraining discrete
Synoptic
Nontraining discrete
Nontraining discrete
Synoptic
Discrete isolated
Training transitioning
Tropical
Nontraining MCS
Synoptic
Synoptic
Training transitioning
Training discrete
Nontraining discrete
Tropical
Other
Training discrete
Nontraining MCS
Nontraining MCS
Training discrete
Training transitioning
Synoptic
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