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Abstract Tornadoes are one of the high-impact weather phenomena that can induce life loss and
property damage. Here, we investigate the relationship between large-scale weather regimes and tornado
occurrence in boreal spring. Results show that weather regimes strongly modulate the probability of tornado
occurrence in the United States due to changes in shear and convective available potential energy and
that persisting weather regimes (lasting >3 days) contribute to greater than 70% of outbreak days

(days with >10 tornadoes). A hybrid model based on the weather regime frequency predicted by a numerical
model is developed to predict above/below normal weekly tornado activity and has skill better than
climatology out to Week 3. The hybrid model can be applied to real-time forecasting and aide in mitigation
of severe weather events.

Plain Language Summary Severe storms that are capable of producing tornadoes, strong winds,
and hail may lead to a high number of fatalities and property damage. The relationship between
tornadoes and the large-scale, recurrent weather patterns over the United States is investigated. It is
shown that specific weather patterns may alter tornado activity and that persisting weather patterns
contribute to greater than 70% of tornado outbreak days. Finally, a hybrid model is created to predict
tornado activity, and the skill of the model is better than using a long-term average out to Week 3, which
is an improvement of the current forecasting state.

1. Introduction

Severe convective storms produce strong winds (>25.9 m/s), large hail (25.4 mm), and/or tornadoes and
have the potential to induce significant socioeconomic loss. In 2018 alone, tornadoes in the United States
caused over 10 fatalities and greater than $600 million in combined property and crop damage (National
Weather Service (NWS) U.S, n.d., Natural Hazard Statistics). Skillful extended-range forecasts would allow
emergency management agencies to better prepare for proactive and reactive measures.

Currently, the Storm Prediction Center (SPC) issues convective outlooks for lead times out to Day 8 (https://
www.spc.noaa.gov/misc/about.html). Outlooks for Day 1 include probabilistic forecasts for tornadoes,
severe wind, and severe hail, while Days 2 and 3 include probabilistic forecasts for the overall severe weather
threat. At Days 4 through 8, probabilistic forecasts are made using either a 15% or 30% threshold. A majority
of the time, no 15% probabilistic forecast is issued because the potential for severe weather is low or predict-
ability is low. It is common to see the latter listed on the forecast as the weather model's deterministic limit
and forecaster's intuition of severe weather decreases after Day 3.

Hitchens and Brooks (2014) evaluated the skill of the Days 1 to 3 categorical convective outlooks and found
that the frequency of skillful Day 1 forecasts (defined as added value compared to practically perfect forecast)
increased from ~0.2 in 1973 to ~0.78 in 2011. An increasing trend of skillful forecasts was also evident for
Days 2 and 3, with skillful Day 3 forecasts occurring ~50% of the time in 2011. Herman et al. (2018) showed
that, in general, the SPC's tornado, hail, and wind forecasts were more skillful where climatological severe
weather occurrence is large. Day 1 tornado outlooks were the least skillful compared to hail and wind fore-
cast, with brier skill scores (BSS) hardly exceeding 0.2 with a nationwide average of 0.049. Given the longer
lead time, prediction of tornado activity on the subseasonal to seasonal (S2S) time scale is even
more challenging.

Most tornado predictions make use of quantifications of the environmental conditions known to strongly
control physical processes important for tornado formation (Brooks et al., 1994; Brooks et al., 2003; Grams

MILLER ET AL.

1 0of 10


https://orcid.org/0000-0002-4913-4232
https://orcid.org/0000-0003-1725-7200
https://orcid.org/0000-0002-1794-2059
https://orcid.org/0000-0002-8741-1536
https://www.spc.noaa.gov/misc/about.html
https://www.spc.noaa.gov/misc/about.html
https://doi.org/10.1029/2020GL087253
https://doi.org/10.1029/2020GL087253
http://dx.doi.org/10.1029/2020GL087253
http://dx.doi.org/10.1029/2020GL087253
http://dx.doi.org/10.1029/2020GL087253
mailto:zhuowang@illinois.edu
https://doi.org/10.1029/2020GL087253
http://publications.agu.org/journals/

o~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL087253

et al., 2012; Maddox, 1976; Rasmussen & Blanchard, 1998; Weisman & Klemp, 1982). Among the different
environmental parameters, convective available potential energy (CAPE) and vertical wind shear are often
used to represent whether the environment is conducive for tornado activity.

Multiple low-frequency modes modulate tornado activity on the S2S time scale via changes of the envir-
onmental parameters. Previous studies have shown that tornado activity tends to increase (decrease) in La
Nifia (El Nifio) years (e.g., Allen et al., 2015; Cook & Schaefer, 2008; Lee et al., 2013). A robust relation-
ship between the Madden-Julian Oscillation (MJO) and tornado activity has also been identified
(Tippett, 2018), with increased tornado activity during Phase 2 of the MJO when convection is active over
the Indian Ocean (Thompson & Roundy, 2013). Additionally, tornadoes are more likely to occur in
Phases 1-4 of the global wind oscillation (GWO) when atmospheric angular momentum is low
(Gensini & Marinaro, 2016; Moore, 2018). Statistical models have been developed based on these climate
modes to predict severe storm activity on the S2S time scale (Baggett et al., 2018; Gensini et al., 2019;
Lepore et al., 2017). However, the ENSO, MJO, and GWO explain limited variability of tornado activity.
Enhanced tornado activity can still occur when these low-frequency climate modes suggest an overall
inactive time period (Moore et al., 2018). It is likely that synoptic-scale events strongly modulate the
environmental conditions on the shorter time scales and induce tornado outbreaks even when the climate
modes suggest otherwise (Moore et al., 2018). If predictability exists for the statistics of such synoptic-scale
events, effectively exploiting this source of predictability can improve S2S prediction of severe
storm activity.

To investigate the synoptic-scale events that may contribute to enhanced tornado activity, we turn our atten-
tion to weather regimes (WRs). The concept of WRs was introduced decades ago (Rex, 1950) and are defined
as recurrent atmospheric patterns (Michelangeli et al., 1995). The underlying assumption is that the
large-scale atmospheric circulation can be represented by a finite number of states, an assumption supported
by theoretical work on the existence of multi-equilibria of the climate system (Charney & Devore, 1979). It is
generally believed that the spatial patterns of WRs are determined by the internal dynamics of the atmo-
sphere, while low-frequency climate modes, boundary forcing (e.g., SST), and external forcing (e.g., anthro-
pogenic forcing) may modulate the frequency of occurrence of WRs (Michelangeli et al., 1995; Molteni &
Palmer, 1993). Since a WR may last for weeks, its persistence may serve as a source of predictability on
the S2S time scale, especially for severe weather, as persisting large-scale systems appear to contribute to
multiday tornado events (Trapp, 2014).

This study aims to explore skillful tornado prediction on the weekly time scale through 4 weeks in the future
by employing the concept of WRs. Data and methodology are described in section 2. We investigate how
large-scale weather regimes modulate severe weather environments and tornado activity in section 3 and
present a skillful hybrid prediction scheme for weekly tornado activity in section 4, followed by the discus-
sion and conclusion in section 5.

2. Data and Methodology
2.1. Data

This study uses tornado reports taken from the Storm Prediction Center website (https://www.spc.noaa.gov/
wcem/#data). Each report includes the Enhanced Fujita (EF)-scale rating (a damaged-based proxy for inten-
sity), starting geographical location, and date of the tornado. Here, we focus on reports in 1990-2019. This
period represents a compromise between data set length and an allowance for a significant fraction of the
reports to have occurred during the Next-Generation Radar era and thus have undergone some quality
control (Smith et al., 2012). Tornado activity is quantified in terms of tornado days (defined as a day with
>1 tornado report, or stated otherwise) as well as total numbers of tornado reports within five regions:
Southern Plains (SP), Northern Plains (NP), Midwest (MW), Southeast (SE), and Northeast (NE)
(see Figure S1 in the supporting information). For composite analysis, reports are interpolated to the nearest
grid point on a 1°grid and then averaged within a 5° X 5° box. For the purpose of this study, only reports of
>EF1 are included. May, the peak season for tornado activity, was chosen for the analysis herein (NOAA
NCE]L n.d.), but the skillful prediction of tornado activity can also be achieved in other months (Figure S7
and section 4).
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The 500-hPa geopotential heights (H500) during 1990-2019 from the ERA-Interim reanalysis (ERAI; Dee
et al., 2011) data set are used to construct weather regimes over the United States. Data are available on a
T255L60 (~0.7° in horizontal) grid but are interpolated to a 1° latitude-longitude grid. Additional ERAI vari-
ables analyzed are CAPE, 500-hPa winds, 900-hPa winds, and 10-m winds. Low-level shear (deep layer) is
calculated as the vector difference between the 900-hPa (500-hPa) and 10-m winds. These two shear para-
meters, herein labeled S900 and S500, roughly correspond to 0- to 1-km and 0- to 6-km bulk shear, respec-
tively, which have been shown to discriminate nontornadic environments from environments of
significant tornadoes (Thompson et al., 2012). All anomalies are created by removing the daily linear trend
from 1990-2019 and removing the long-term daily mean on each calendar day.

To create the hybrid prediction model, the reforecasts from the European Centre for Medium-Range
Weather Forecast (ECMWF) S2S model are used. The reforecasts are produced twice per week for 20 years
(1998-2017), containing one control member and 10 perturbation runs (Vitart, 2017). H500 out to 28 days is
used to predict the large-scale weather regimes. The original resolution is 0.25° X 0.25° from Days 0-10 and
0.5° x 0.5° after Day 10, but all data are interpolated to a 1.0° X 1.0° grid to be consistent with the reanalysis.

2.2. K-Means Clustering

K-means clustering using Lloyd's algorithm (Lloyd, 1982) is performed over North America (24-55°N,
130-60°W) and utilizes daily H500 during May from 1990-2019. A latitude weight (cos(¢)) is applied for
the clustering analysis. The optimal number of WRs, determined by the elbow method (Kodinariya &
Makwana, 2013), is five. The same algorithm is applied to each ECMWF ensemble output to identify
predicted WRs.

2.3. Hybrid Model

We create a hybrid model to predict the weekly tornado activity, which is defined as the number of tornado
days over a 7-day period. First, we perform K-means clustering on each ensemble member. The weekly WR
frequency is calculated for each regime from Days 1-7 to Days 21-27 from individual ensemble members.
Next, the weekly tornado activity is predicted using the ensemble member's WR frequency and the observed
tornado frequency distributions of the training data set. Tornado frequency distributions are functions of the
weekly WR frequency (Figure S2). For example, if the model predicts Week 1 to contain 5 WR2 days and 2
WR4 days, the model predicts ~2.1 (1.8 + 0.3) tornado days below normal activity. The tornado predictions
are carried out for each ensemble member, and the ensemble mean is used for the final tornado activity pre-
diction. The prediction is evaluated against the observed weekly tornado day anomalies.

2.4. Model Evaluation and Statistical Significance

A leave-one-out method is employed to assess the prediction skill, such that the year evaluated is indepen-
dent of the training data set. The Anomaly Correlation Coefficient (ACC; Wilks, 2011) is calculated between
the observed and model predicted weekly WR frequency to demonstrate the model's ability to predict the
correct WRs. To evaluate the hybrid model, the Heidke Skill Score (HSS) for 2-tier prediction is calculated.
The two tiers, above or below average, are defined with respect to the mean of the distribution of weekly tor-
nado activity, and the results do not change quantitively by using the median. The HSS is calculated by
HSS = 100 * (H — E)(T — E)"', where H is the total number of correct forecast, E is the number of correct
forecast by random chance (50% for two-tier predictions), and T is the total number of forecasts.

Composite anomalies of CAPE, S900, and S500 are constructed to examine the environmental condition
contributing to the changes in tornado activity. We employ a two-tailed Student's ¢ test, with the null hypoth-
esis that the anomalies do not differ from zero, for composite anomalies of CAPE and S900/S500. A
Mann-Whitney U test is used for composite anomalies of tornado frequency. Results are significant if the
p value is less than 0.05.

3. Relationship Between Severe Environments and Large-Scale
Weather Regimes

The five WRs identified using K-means clustering are displayed in Figure 1. WR1 occurs most frequently and
is characterized by a zonally elongated low and a high center over the East Coast of the United States. WR2
and WR3 are characterized by a three-cell wavelike pattern spanning from the East Pacific to the West
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Figure 1. The H500 patterns for five WRs over North America during May ordered from most frequent (WR1) to least frequent (WRS5). The frequencies of occur-
rence are listed at the top of each subfigure.

Atlantic, and WR4 and WR5 represent a dipole pattern of opposite polarities over North America, which
modulates the meridional moisture transport from the Gulf of Mexico.

Tornado outbreaks are found to be associated with persistent occurrence of WRs (Figure 2a), especially WR1
and WR4. Here we defined a persistent WR as a WR lasting at least 3 days. For example, the tornado out-
breaks during 17-29 May 2019, which were successfully predicted on the S2S time scale (Gensini et al., 2019),
are associated with a persistent WR1. Additionally, the tornado outbreak in 5-10 May 2015 is associated with
a persistent WR4. The frequency of occurrence for each WR changes annually and is potentially driven by
the large-scale climate modes, such as the MJO and ENSO (Vigaud et al., 2018). About 75% of tornado days
(=1 tornado) are associated with a persistent WR (Figure 2b) while 26% of tornado days occur during a
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Figure 2. (a) U.S. tornado days (color shading indicates number of tornadoes per day) and WRs (numbers) during May 1990-2019. Non-tornado days are masked
with white. Bar charts display the percentage of days with (b) >1 tornado and (c) >10 tornadoes for persisting (red) and nonpersisting (blue) WRs.

persistent WR1. Similarly, 75% of all outbreak days (=10 tornadoes) occur during a persistent WR while 43%
of all outbreak days occur during a persistent WR1 (Figure 2c). For context, the frequency of occurrence of
persistent WR1 days is 18.9% (176 days). Of these 176 days, 76% (132 days) contain >1 tornado, while 22% of
the 176 days (40 days) are considered outbreak days.

Figure 3 displays the probability of tornado occurrence for each regime (regardless of duration) relative to
climatology for different regions. Table S1 lists the climatological probability of occurrence for different tor-
nado day thresholds. The probability of occurrence of >1 tornado (>5 tornadoes) on a WR1 day for the US is
>75% (>65%), or ~20% (13%) above climatology (Figure 3a). Variability occurs for the regions as well. The
probability of occurrence of >1 tornado on a WR1 day is ~40% (or >11% above climatology) for the SP
(Figure 3b), >35% (or ~16% above climatology) for the MW (Figure 3c), and ~30% (or ~13% above climatol-
ogy) for the SE (Figure 3d). In summary, tornado day occurrence is enhanced during WR1 in all regions
except the NP, reduced during WR2 in all regions except the NE, enhanced during WR3 in the SP and
NP, enhanced in all regions during WR4 except the NE and SE, and reduced during WR5 in each region
(negligible change over SE).

The modulation of WRs on the regional tornado activity can be explained by the changes in S900 and CAPE.
Figures 4a—4e display the composite anomalies of tornado frequency, CAPE, and significant S900 vectors.
The climatological values are shown in Figure 4f for reference. It is worth noting that Figure 3 examines tor-
nado days, whereas Figure 4 examines the tornado frequency. A region may experience a decrease in tor-
nado days but has above-normal tornado frequency due to a large number of reports on a given day.

The significant increase in tornado frequency across the MW during WR1 days (Figure 4a) is associated with
a significant increase in CAPE stretching north through Nebraska, Iowa, and Illinois. A significant increase
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Figure 3. Percentage of WR days containing a tornado compared to climatology (percentage of total tornado days) for the (a) US, (b) SP, (c) MW, (d) SE, (e) NP,
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in S900 also contributes to a favorable environment for tornado occurrence (Thompson et al., 2012).
Significant CAPE and S900 anomalies are evident during WR4 days contributing to the increase in
tornado activity across the Plains (Figure 4d). An increase in moisture (dewpoint temperature) is also
evident in colocations of CAPE during WR1 and WR4 (not shown). Consistent with Figure 3, Figure 4c
shows enhanced tornado activity over the SP and NP due to an increase in CAPE and S900, while reduced
(although nonsignificant) over the MW, SE, and NE during WR3 days. WR2 and WR5 are characterized
by reduced tornado activity over Oklahoma and Kansas (Figures 4b and 4e), which is likely due to the

significant decrease in CAPE and S900.
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Figure 4. Composite anomalies of tornado frequency (color shading, units: tornadoes/day), H500 (gray contours: —100 to 100 gpm every 10), CAPE (black
contours; units: J/kg), and S900 (vectors) for (a) WR1, (b) WR2, (c) WR3, (d) WR4, and (e) WRS5. Climatology is shown (f) for reference with S900 magnitude
(teal contours, units: m/s) in place of vectors. Dashed contours represent negative values. Only significant CAPE anomalies (a = 0.05) are displayed in (a)-(e)
while hatching indicates significant tornado frequency anomalies. Teal (magenta) vectors are where S900 magnitude is significantly lower (higher) than

climatology.

In addition to S900, we also examined S500 (Figure S3). Moderate-to-large deep-layered shear is a necessary
but not sufficient condition for tornado occurrence (Thompson et al., 2012). The spatial distribution of S500
anomalies is largely consistent with S900 and tornado activity anomalies (Figure 4).

The composites shown in Figure 4 are further separated into persisting (lasting >3 days) and nonpersisting
WRs (Figure S4). The contrast is large, especially for WR1. No significant positive anomalies of tornado fre-
quency are evident during nonpersisting WR1 days, as strong CAPE anomalies are confined to Texas, with
significant S900 anomalies east of the CAPE maxima. The persistent events contain significant enhancement
of tornado frequency associated with CAPE anomalies stretching as far northeast as New York, and an
increase of S900 across the eastern SP, SE, and MW. A persisting regime would therefore support multiple
days of tornado activity (Trapp, 2014) and may serve as a source of predictability for longer-range forecasts.

4. Hybrid Prediction of Severe Storm Activity

Next, we attempt to predict weekly tornado activity. The hybrid prediction scheme, where the ECMWF mod-
el's predicted WR frequencies are used to predict the weekly tornado activity, hinges on the model's ability to
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Figure 5. HSSs (units: %) for the hybrid prediction model predicting number of days per week with (a) >1 tornado and
(b) >5 tornadoes for the United States (black), Southern Plains (red), and Midwest (blue).

represent and predict the weather regimes. After performing K-means clustering on the model data, the five
regimes found in the reanalysis all emerge (not shown). The ACC between the observed and predicted
ensemble mean weekly WR frequencies is examined (Figure S5). The mean ACC for the five WRs
remains above 0.6 (arbitrary predictability limit) out to Days 7-13; WR4 has the largest skill at shorter

lead times, and the ACC remains above 0.6 out to Days 8-14, while the ACC of WR1 drops below 0.6
beyond Days 6-12.

Figure 5a shows the HSS of the hybrid model in predicting number of tornado days per week. Only the US,
SP, and MW are shown for brevity. The HSSs are between 20% and 30% for shorter lead times and remain
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positive well into Week 3, especially for the US and MW, implying that the empirical model adds knowledge
relative to climatology. The same model can be used to predict the number of days with >5 tornadoes
(Figure 5b). The predictions are better than climatology well into Weeks 3 and 4, with the MW showcasing
the largest skill. However, the HSSs have large fluctuations due to the smaller sample size of the days with
>5 tornadoes.

A multiple linear regression (MLR) model was also tested using the predicted ensemble mean weekly WR
frequencies as predictors. The HSSs also persist into Week 3 (Figure S6), but the skills are overall lower than
those in Figure 5. This is probably because the MLR model does not consider the nonlinear impacts of per-
sistent WRs on tornado activity. In other words, the tornado activity associated with five consecutive
WRI1 days is more than five times the tornado activity anomalies associated with one isolated WR1 day
(Figure S2).

Although only the month of May is shown in sections 3 and 4 for brevity, the strong modulation of tornado
activity by WRs is also found in March and April, and the hybrid approach produces skillful predictions in
these months as well (Figure S7).

5. Summary and Conclusions

The relationship between large-scale WRs and tornado frequency is investigated during May (1990-2019).
Results show strong variability of regional tornado occurrence during different WRs. The probability of
occurrence of a U.S. tornado day during WR1 is about 75%, and the enhanced tornado activity during
WRI1, WR3, and WR4 can be explained by increases in CAPE and low-level shear (S900), while decreases
in CAPE and S900 explain weakened activity during WR2 and WRS5. Persisting weather regimes are respon-
sible for a large fraction of outbreak days (70 of 93 days). Interestingly, a persistent WR1 produces a large
increase in tornado activity across the southeast NP, northeast SP, and MW, while a nonpersisting WR1 pro-
duces an overall decrease in tornado occurrence. Model predicted weather regimes are then used to develop
a hybrid model to predict weekly tornado activity. Skillful predictions are evident out to Week 3 for the
United States and the subregions analyzed. Our study suggests that employing persistent weather regimes,
along with the forecast of opportunity associated with low-frequency climate modes (Baggett et al., 2018;
Gensini et al., 2019), has the potential to improve the extended-range prediction of severe storm activity.
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