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ATMOSPHERIC SCIENCE

North American April tornado occurrences linked
to global sea surface temperature anomalies

J.-E. Chu'?, A. Timmermann'?*, J.-Y. Lee'?

Annual tornado occurrences over North America display large interannual variability and a statistical linkage to
sea surface temperature (SST) anomalies. However, the underlying physical mechanisms for this connection and
its modulation in a rapidly varying seasonal environment still remain elusive. Using tornado data over the United
States from 1954 to 2016 in combination with SST-forced atmospheric general circulation models, we show a ro-
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bust dynamical linkage between global SST conditions in April, the emergence of the Pacific-North American
teleconnection pattern (PNA), and the year-to-year tornado activity in the Southern Great Plains (SGP) region of
the United States. Contrasting previous studies, we find that only in April SST-driven atmospheric circulation
anomalies can effectively control the northward moisture-laden flow from the Gulf of Mexico, boosting low-level
moisture flux convergence over the SGP. These strong large-scale connections are absent in other months because
of the strong seasonality of the PNA and background moisture conditions.

INTRODUCTION

2011 was an extremely active tornado year over North America (I),
with nearly 1700 recorded tornadoes, resulting in more than 500
fatalities and $10 billion property and crop losses (www.spc.noaa.
gov/wem/2011-NOAA-NWS-tornado-facts.pdf). Yet, the subsequent
tornado season in 2012 was relatively quiet, with an estimated
900 tornadoes and 70 fatalities (www.spc.noaa.gov/wem/2012/2012-
NOAA-NWS-tornado-facts.pdf). In both years, most tornadoes
occurred in April, 1 month before the climatological peak condi-
tions. This observation raises the important question as to whether
the year-to-year variations in tornado occurrences over North
America, and particularly over the very active Southern Great Plains
(SGP) region, can be partly explained by potentially predictable
low-frequency climatic processes (fig. S1), such as large-scale sea
surface temperature anomalies (SSTA), and whether there are
month-to-month differences in the effect of large-scale conditions
on submesoscale weather variability.

Peaking in April and May (fig. S2), supercell thunderstorms and
tornado activity increase along the southeastern side of the Rocky
Mountains, when moisture-laden air is transported from the rela-
tively warm Gulf of Mexico by the low-level meridional jet (2). The
current generation of global atmosphere models lacks the ability to
simulate individual tornadoes. It is therefore necessary to use statis-
tical methods to determine which large-scale and synoptic-scale
atmospheric conditions are favorable for tornado generation. Key
insights into tornadic environments have been provided by sounding
data (3) and radar observations, which show that most of SGP tor-
nadoes are spawned by mesoscale convective systems, commonly
referred to as right-moving supercell thunderstorms (4).

Previous studies have identified statistical linkages between tor-
nado occurrences and supercell thunderstorm activity in the Great
Plains region to atmospheric pressure anomalies near the Rocky
Mountains (5, 6), dry lines (7), the North American low-level jet
(8, 9), the Madden-Julian Oscillation (10-12), the El Nifio-Southern
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Oscillation (ENSO) (5, 13-16), and SSTA over the Gulf of Mexico
(17, 18). More specifically, changes in April and May tornado numbers
over the United States during the past 60 years appear to be linked
to anomalous zonal gradients of equatorial Pacific SSTA (13). Other
studies highlighted a relationship between four dominant springtime
ENSO phases and U.S. tornado outbreaks in February to May (14).
These findings demonstrate that ENSO may serve as a powerful
modulator of tornado statistics, potentially providing a source of
seasonal predictability. Although the underlying statistical evidence
is encouraging, a clear physical picture that links SSTA, stationary
waves, and tornado activity has not yet fully emerged. Because the
influence of the ENSO phenomenon on North America through the
Pacific-North American (PNA) teleconnection pattern (19-21) is
strongly suppressed during boreal summer (fig. S3), a better physical
understanding requires careful consideration of seasonal and even
month-to-month atmospheric variations. This is further underscored
by the finding that, under the rapidly changing spring background
states over the Great Plains region, atmospheric instability as quan-
tified by the convective available potential energy (CAPE) is nearly
doubled in May compared to April.

Here, we further elucidate the physical mechanism responsible
for the subseasonally modulated relationship between tropical and
extratropical SSTA, large-scale stationary wave anomalies, and
tornado frequencies in boreal spring (fig. S1). Using 22 SSTA-forced
atmospheric general circulation model (AGCM) simulations forced by
the observed sea surface temperatures (SST) (22) (table S1), we first
evaluate the impacts of large-scale SSTA patterns on the generation of
stationary waves in April and May. We then explore how these large-scale
factors influence synoptic systems and mesoscale events. Our analysis
is based on a recent compilation of tornado counts over North America
from 1954 to 2016 taken from the Storm Prediction Center (SPC)
(www.spc.noaa.gov/gis/svrgis/) and a monthly mean temporal and
spatial interpolation of total numbers of EF1 to EF5 tornadoes onto
a 1° x 1° grid covering North America. To include a representative
portion of high climatological tornado occurrences, we define the
SGP region here as 30°N to 40°N and 100°W to 90°W. Climatological
numbers of tornadoes in the SGP peak in April and May. Furthermore,
interannual variations of tornado numbers in April and May in the
SGP are essentially uncorrelated (fig. S2). Given these conditions,
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we conduct a monthly stratified analysis of tornado data, focusing
on April and May separately.

RESULTS

SST-forced atmospheric variability in April and May
Wintertime midlatitude atmospheric variability over the North
Pacific and North America is strongly controlled by the low-frequency
PNA pattern. The PNA is an intrinsic mode of atmospheric vari-
ability that arises from the interaction between the climatological
mean flow and high-frequency eddy activity and that can get further
excited by the presence of ENSO-related diabatic atmospheric
forcing (19-21).

To estimate the SST-driven atmospheric variability in April and
May, we used the multimodel ensemble of 22 SST-forced atmospheric
model simulations from the Atmospheric Model Intercomparison
Project (AMIP) (23, 24). AMIP simulations were conducted under
the auspices of the CMIP5 (Coupled Model Intercomparison Project,
phase 5) (22). The AMIP runs are based on AGCM simulations
forced by observed SST and sea ice conditions, and they cover the
period from 1980 to 2008. For the analysis of the AMIP simulations,
monthly SSTs and geopotential height fields at 500 hPa were inter-
polated for each model to a common spatial resolution of 2.5° x 2.5°
latitude by longitude. Before the analysis, long-term linear trends
were removed from all datasets. To investigate the dominant pat-
tern of SST-driven atmospheric variability (stationary waves in fig. S1),
we used maximum covariance analysis based on a singular value
decomposition (SVD) of observed 500-hPa geopotential height
anomalies (Zsqg’), estimated from the National Centers for Environ-
mental Prediction (NCEP)/National Center for Atmospheric Research
(NCAR) reanalysis version 1 (NCEP1) (25), and AMIP-simulated
Zs0o" values over 20°N to 70°N and 0°E to 360°E in April and May
(see Materials and Methods). By construction, the leading mode of
covariance between observations and SST-forced model simulations
is only due to the SSTA-forced part of atmospheric variability. Non-SST-
related variability cannot be covariant between the AMIP simula-
tions and the reanalysis data. Remaining noise sources in our analysis
are further eliminated by calculating the 22-member ensemble mean
of simulated AMIP fields before the SVD analysis.

Figure 1 (A to D) shows the linear regression coefficients of the
large-scale SSTA conditions from the Extended Reconstructed Sea
Surface Temperature version 5 (ERSSTV5) (26) and Zsyy' from NCEP1
onto the corresponding expansion coefficients of the leading
SVD mode.

In April, a teleconnection pattern—characterized by mid-
tropospheric geopotential height anomalies, which extend from the
central North Pacific to eastern North America—explains the largest
amount of SSTA-induced anomalous atmospheric variability
(Fig. 1, A and C). Consistent with the negative phase of the PNA,
this pattern features below-average pressure in the vicinity of the
Hawaiian Islands and over the West Coast of the United States, as
well as above-average pressure south of the Aleutian Islands and
over the southeastern United States. The negative phase of the PNA
can be excited by changes in tropical convection due to La Nifia (27)
and/or barotropic wave amplification of high-frequency eddy forcing
(28). In our analysis, the associated SSTA pattern is characterized by
negative temperature anomalies in the central Pacific and along the
west coast of North America and positive temperature anomalies in
the subtropical Pacific and the Gulf of Mexico. In May, the central
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Fig. 1. Influence of SSTA on the atmosphere and its relationship with US. tornado
activity in April and May. (A to D) The SVD analysis is conducted on the basis of
AMIP-simulated and NCEP1 reanalysis (OBS) year-to-year variabilities of the 500-hPa
geopotential height anomalies (Zsqo') over the northern hemisphere (20°N to 70°N and
0°E to 360°E) for April (A and C) and May (B and D), respectively (see Materials and
Methods). (E and F) Regressed patterns of Zsoo' and SSTAs on tornado numbers
aggregated over the SGP region (30°N to 40°N and 100°W to 90°W; red box) for
April (left) and May (right). Solid (dashed) lines indicate positive (negative) values.
The intervals are 0.08 K for SSTA and 4 m for Zso(". The stippled (cross-hatched) areas
indicate values for which the local null hypothesis of zero regression can be rejected
at the 95% level for Zsgo' (SSTA), based on a Student’s t test with 27 and 61 degrees
of freedom for AMIP and observations, respectively. Long-term linear trends were
removed before statistical analysis.

Pacific Zsop' anomaly pattern is squeezed meridionally as the center
of the Pacific jet stream moves from the west to the central Pacific,
generating zonally elongated positive height anomalies from the
North Pacific to eastern North America and negative anomalies
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Fig. 2. Year-to-year changes in the number of tornadoes, low-level jet, and moisture flux convergence over the SGP. Observed tornado number anomalies over the
SGP region (red), meridional wind anomalies (blue) over the south of the SGP (V925_S, in meters per second; 20°N to 30°N and 100°W to 90°W), and moisture flux convergence
anomalies at 925 hPa (MFC925, 1072 g/kg per second) over the SGP (purple) from 1954 to 2016 for (A) April and (B) May. The V925_S and MFC925 were calculated on the
basis of two datasets—NCEP1 (solid line) and European Centre for Medium-Range Weather Forecasts 20th century reanalysis (ERA-20C; dashed line). Correlation coefficients
(R) between tornado number anomalies and climate indices are shown in the top left corner (R values with ERA-20C are in braces). Long-term linear trends were removed.

centered in western Canada (Fig. 1, B and D). The monthly vari-
ances in the leading mode of SST-driven atmospheric Zsy' variability
in April and May amount to 41 and 54% of the total variance,
respectively.

Dynamic link between tornado activity

and SST-forced pattern

The SVD results (Fig. 1, A to D) imply that there are distinct atmo-
spheric patterns in the 500-hPa geopotential height field induced by
SSTA in April and May. In particular, previous studies found that
the presence of the 500-hPa trough over the northwestern United
States and associated southwesterly flow oftentimes correspond to
high tornado occurrences (5, 6). While these studies have noted the
relationship between upper-level atmospheric wave patterns and
interannual variability of tornado activity during the peak tornado
season, no systematic study has been carried out to assess month-to-
month differences in this dynamic linkage. To better understand
the relationship between tornado number anomalies in the SGP in
April and May and both large-scale SSTA and Zsyy’ conditions, we
calculated the associated monthly regression coefficients.

For May, we found no statistically significant connection between
tornado numbers and large-scale atmospheric flow and SST patterns
(Fig. 1F). By contrast, in April, we found statistically significant
connections between tornado numbers and both SSTA and Zsy,’ (Fig. 1E).
The regression pattern analysis shows that more frequent SGP tornado
occurrences in April are typically associated with equatorial Pacific
and eastern North Pacific cooling (14), as well as positive temperature
anomalies in the subtropical Pacific and tropical western Atlantic.
High tornado activity in April is also related to an atmospheric
stationary wave pattern over North America (Fig. 1E), which is consist-
ent with a negative PNA-like pattern (Fig. 1, A and C), identified
through the SVD analysis as the dominant mode of SST-forced
variability. To demonstrate the statistical significance of the regression
maps of SSTAs and Zspy' on tornado number anomalies in April, we
conducted a statistical field significance test using 1000 regression
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maps obtained by using randomly generated time series and found
that both SSTA and Zsy' regression maps in April (Fig. 1E) exceed
the probability of random sampling, whereas those for May are not
statistically significant (for more details on the field significance
test, see Materials and Methods and fig. S4).

We further examine the statistical connections between tornado
frequencies over SGP and regional averages of two atmospheric
variables—low-level meridional wind anomalies at 925 hPa averaged
over the south of the SGP (V925_S) and moisture flux convergence
anomalies at 925 hPa (MFC925) averaged over the SGP (Fig. 2). The
correlation coefficient values between tornado frequencies and these
time series in April attain values of 0.55 to 0.59. This result implies
that ~30 to 35% of the variance in the number of tornadoes in April is
caused by large-scale atmospheric circulation patterns. The corre-
sponding analysis for May shows a weaker connection with correla-
tion values of 0.35 to 0.50 and considerable differences among the
datasets (Fig. 2B). The statistically significant relationship between
tornado number anomalies in the SGP and the atmospheric tele-
connection pattern can be understood in physical terms through
the increased pressure gradient over the SGP region due to the
cyclonic PNA flow anomaly in the northwestern United States and
the anticyclonic anomaly in the southeastern United States (Fig. 1E).
The increased pressure gradient enhances the low-level jet over the
southern part of the SGP, intensifying moisture convergence to the
north. In addition, warm SSTA over the Gulf of Mexico funnels
moist air in April into the SGP region. Moreover, vertical shear
promotes the generation of tornadoes through vertical tilting of
horizontal vorticity (29).

To further investigate the interannual drivers of the low-level jet
and moisture convergence, we regressed the observed V925_S and
MFC925 indices obtained in Fig. 2 onto the observed SSTA and
Zsoo' data (Fig. 3). A large-scale pattern that modulates low-level jet
and moisture flux convergence in April and that closely resembles
the diagnosed pattern of the conditions that are favorable for tornado
generation, as described above (Fig. 1E), can be seen. It becomes
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Fig. 3. Large-scale patterns controlling the low-level jet from the Gulf of Mexico
and moisture over the SGP. Linear regression patterns of Zsoo' (contour) and SSTAs
(shaded areas) onto (A and B) V925_S and (C and D) MFC925 for April (left) and May
(right). The contour intervals are 0.08 K for SSTA and 8 m for Zsq'. The stippled
(cross-hatched) area indicates values for which the local null hypothesis of zero
regression can be rejected at the 95% level for Zsqo' (SSTA), based on a Student’s
t test with 61 degrees of freedom. Long-term linear trends were removed before
any statistical analysis.

clear that the large-scale climate patterns that are partly responsible
for the interannual variations in tornado numbers in April are
related to the low-level jet and moisture flux convergence over the
SGP. However, such a connection is considerably weaker in May.
The connection between large-scale atmospheric flow and tor-
nado activity in April is further supported by the strong correlation
between tornado number anomalies, V925_S and MFC925, and three
mesoscale environmental variables that are known to create favorable
conditions for tornado generation, including CAPE, convective
precipitation (cPrcp), and storm relative helicity (HLCY), which
were obtained from the North American Regional Reanalysis (NARR)
dataset (30) covering the period from 1979 to 2016 (fig. S5). Previous
studies demonstrated that these variables are related to the annual
cycle and spatial distribution of tornado occurrences over North
America (31, 32). In particular, severe supercell thunderstorms are
associated with CAPE values exceeding 100 J kgf1 (3), and cPrcp
and HLCY can further create conditions that are favorable for tornado
generation. We found that all three variables exhibit statistically sig-
nificant (>95%) correlations with variations in monthly tornado
frequencies, V925_S and MFC925 in April, and the same is true for
HLCY in May and June but not for cPrcp and CAPE. A statistically
significant correlation value in all 3 months is found only between V925_S
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Fig. 4. Thermodynamic variables during strong and weak April tornado years.
Monthly climatology of the (A) MFC925 and (B) cPrcp over the SGP from all years
(black line), strong April tornado years (red line), and weak April tornado years
(blue line). The strong (weak) April tornado years are selected on the basis of 1.5 (-1.1)
SDs. The selected strong years are 1957, 1964, 1979, 1982, 1991, and 2011, and the
weak years are 1959, 1987, 1992, 1997, and 2007. MFC925 is obtained from NCEP1 for
1954-2016, and cPrcp is obtained from the NARR dataset for 1979-2016. Gray-shaded
area encompasses 1 SD of all years. Because of the different time frames that each
dataset covers, missing years are omitted from the composite mean calculation.
Two representative strong and weak tornado years are indicated by the red and
blue stars, respectively.

and CAPE. However, a statistically significant correlation between
tornado frequencies and CAPE exists only for April. These results
are due to the fact that the maximum year-to-year variance in CAPE
is centered over the Gulf of Mexico, and therefore, the variability in
CAPE especially in the SGP region is related to the large-scale envi-
ronment that links the SGP region and the Gulf of Mexico. On the
other hand, cPrcp and HLCY are associated with mesoscale supercell
thunderstorms and storm tracks with maximum variance centered
over the SGP. Moreover, the convective instability in the SGP region
in May and June is sufficiently large to form supercell thunder-
storms with values greater than 200 J kg_1 (fig. S6). Thus, under the
condition of necessary CAPE values in May and June, kinematic
factors that are commonly known to affect the occurrence of torna-
does, such as the tilting of a rotational vortex around a horizontal
axis as represented by HLCY, may play a more important role in
May than large-scale factors. This confirms our initial hypothesis
that the month-to-month relationship between tornado frequencies
and climate forcings can be different under rapidly changing spring
background states.

The variance of the PNA pattern in March even exceeds that
in April (fig, S3B), raising the question whether SST anomalies
may also influence the statistics of tornadoes in March. However,
in March, the corresponding mean climatological low-level jet is
still relatively weak (fig. S7), which inhibits the production of
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Fig. 5. Schematics illustrating enhancement in April tornado activity due to SST. Red arrows represent the sequence of the deterministic (and potentially predict-
able) climate influences on April tornado occurrence in the SGP region, whereas black arrows indicate unpredictable atmospheric noise. Green shading on the bottom
left figure indicates the climatological annual cycle, and thick red line indicates enhancement of April mean MFC925 and cPrcp due to SST-forced atmospheric negative

PNA pattern.

large-scale differential advection—one of the factors crucial for
the generation of low-level wind shear over the SGP region. As
a result, we expect only a weak linkage between large-scale
climatic conditions and the establishment of tornadic conditions in
March (fig. S7).

The role of thermodynamic and kinematic processes

The processes by which large-scale climatic conditions boost tornado
occurrences in April can be understood through the enhancement of
the climatological annual cycle of thermodynamic variables including
MFC925 and cPrcp in the SGP region (Fig. 4). The annual cycles of
MFC925 and cPrcp peak in May and June, respectively. In both
variables, composites of the strong and weak April tornado years,
defined here as the years with April tornado counts greater than 1.5 SDs
and less than —1.1 SDs, show large amplification in their magnitude,
with values exceeding the climatological mean in MFC925 and
cPrcp by more than 72 and 35%, respectively. Neither May nor June
data show similar enhancements in amplitude. Therefore, large-scale
conditions act as a booster of low-level moisture flux convergence
and cPrcp in April.

In addition to these thermodynamic constraints, kinematic
conditions such as HLCY and vertical wind shear are crucial fac-
tors for tornado genesis (31, 32). Our analysis demonstrates that
the negative PNA stationary wave pattern significantly increases
storm relative HLCY over the SGP region in April but not in May
(fig. S8). This provides further evidence for a large-scale control
of tornado occurrences in April through the combination of both
thermodynamic and kinematic processes. The kinematic processes
alone are more closely related to tornado frequencies and synop-
tic environments in May and June as we previously discussed in
fig. S5.

Despite the strong statistical link between tornado occurrences
and multiscale atmospheric process (fig. S1), most of our discussion
has been based on monthly averaged statistics. To better understand
the connection between tornado frequencies and shorter-scale
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atmospheric phenomena, we calculated the 91-day running vari-
ance of the 6-day high-pass—filtered vertical moisture flux at 925 hPa
(fig. S9). In this diagnostic, mesoscale vertical moisture flux, which
is a measure of mesoscale thunderstorm activity, is intensified over
the SGP region in April in very active tornado years. Again, the connec-
tion in May is strongly suppressed. If the April tornado activity were
driven only by internal atmospheric noise, then we would expect
there to be no significant relationship between the observed numbers
of tornadoes and the intensification of weather activity, which is the
case for May.

The effect of SSTA forcing on tornado activity in April is summa-
rized schematically in Fig. 5 and fig. S1. The SSTA pattern, particularly
the combination of equatorial central Pacific and eastern North
Pacific cooling and central North Pacific and Gulf of Mexico warming,
contributes to the formation of a negative PNA. This PNA acts as a
precursor for supercell thunderstorm formation and elevated tornado
genesis by preconditioning moisture supply, HLCY, and cPrcp in
April. In May, however, these strong large-scale connections are absent
because of the seasonality of the PNA, which weakens by a factor of
2 compared to April (fig. S3).

DISCUSSION

In contrast to previous studies that identify an influence of SST
anomalies on seasonally averaged U.S. tornado frequencies, our
study provides new physical insights into the subseasonal modula-
tion of tornado occurrences due to large-scale climatic conditions
and synoptic-scale interactions. The results of our analysis may help
to improve prediction models for extreme weather statistics over
the SGP regions. Owing to the long-term persistence of SSTA, we
expect a substantially increased predictability of tornado numbers
in April compared to May. Our analysis suggests that changes in
tornado frequencies in May are mainly due to internal atmospheric
processes, rather than due to slowly varying SST boundary condi-
tions. However, a more comprehensive analysis is needed to further
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elucidate the drivers of this variability and potential linkages, for
instance, to soil moisture variations.

Previous studies have demonstrated that more predictable tor-
nadoes in early spring (March and April) are often associated with
synoptic-scale systems, whereas less predictable late spring (May)
outbreaks can be traced back to mesoscale systems (33). Eighty
percent of the EF1 to EF5 tornadoes occur as part of right-moving
supercells with a pronounced center in the SGP region in spring
with a peak in May (4). Only 20% of tornadoes derive from quasi-
linear convective systems that peak in April. This suggests that sub-
seasonal variations in tornado occurrences are driven not only by
the seasonality of large-scale processes but also by the seasonality
and the type of the major convective systems over the SGP region.
Here, we suggest that the more predictable large-scale patterns in
April may also contribute to the development of spatially more
organized synoptic systems, which, in turn, may enhance the pre-
dictability of tornado outbreaks or even individual events.

Our study also provides a new context for an ongoing discussion
about the linkage between increasing tornado numbers, climate
variability, and climate change (34). In response to increasing green-
house gas concentrations, tropical Pacific temperatures are expected
to increase faster than subtropical temperatures (35). This enhanced
equatorial warming pattern, which contrasts the more favorable
La Nifa conditions, may possibly reduce the occurrence of tornadoes
in April. However, an overall projected increase of atmospheric
moisture in the Gulf of Mexico may create more favorable condi-
tions for supercell and tornado formation in May. How these com-
peting factors will play out against each other is unknown. Our
results imply that detection studies linking long-term anthropogenic
climate change and changes in tornado numbers in the SGP region
should not rely on seasonally averaged statistics but need to consider
subseasonal effects.

MATERIALS AND METHODS

Tornado data

North American tornado numbers were obtained from the SPC. The
time period used in our study was 1954-2016. EF is the “Enhanced
Fujita (EF) scale” which replaced the “Fujita (F) scale” in 2007 and
ranges from EF0 (105 to 137 km/hour wind speed) to EF5 (>322 km/hour
wind speed). Because extension of the tornado detection network
has introduced artificial trends in long-term tornado datasets, par-
ticularly for EFO tornadoes (36), our analysis only focused on the
EF1 to EF5 categories, which are less affected by data inhomogeneities.
We calculated monthly mean total number of EF1 to EF5 tornadoes
per 1° x 1° grid box. Before the analysis, long-term linear trends
were removed from all datasets.

The study area is defined here as 30°N to 40°N and 100°W to
90°W and is referred to as the SGP region. The area was chosen to
include a representative portion of the Great Plains and “Tornado Alley”
regions of the United States, which have a high climatological
occurrence of tornadoes. Our region of interest accounts only for a
small fraction of North America. However, this small region accounts
for 44 and 45% of the U.S. total April and May EF1 to EF5 tornadoes,
respectively. Moreover, correlation coefficients between SGP tornado
numbers and U.S. total tornado numbers attain values of 0.79 and
0.84 in April and May, respectively. Therefore, variations in the
SGP tornado activity can explain a considerable fraction of the total
North American tornado variability.
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Observational data

The study used monthly mean SST from ERSSTv5 for the period
1954-2016. Atmospheric variables including geopotential height,
zonal and meridional winds, and specific humidity were obtained
from the NCEP1 for the period 1954-2016 and from the European
Centre for Medium-Range Weather Forecasts 20th century reanalysis
(ERA-20C) (37) for the period 1954-2010. CAPE, cPrcp, and HLCY
(0 to 3 km above ground level) were obtained from the NARR data-
set (30) for the period 1979-2016.

Linear regression coefficients

To understand the dynamical relationship between tornado number
anomalies [N'(#)] in the SGP and large-scale SSTA [T"(x,y,t)] and
Zso' (x,p,1), the corresponding linear regression coefficients, Pr(x,y) =
<T'(x,y,t)N’(t)>/<N’(t)2 > and Psgo(x,y) = <Zsoo'(x,y,t)N,(t)>/<
N'(£)%>, were calculated. Here, <...> represents the long-term time
mean at each grid point location (x and y). The regression patterns
shown in Fig. 1 are T"(x,y,t) and Zsgo' (x,),t) regressed onto the stan-
dardized value of N'(t). The values in Fig. 1 therefore represent
characteristic changes in SSTA and Zs associated with a change in
tornado numbers of 1 SD.

SVD analysis

We performed the covariance matrix between the observed Zsg’
from NCEP1 and AMIP-simulated Zsq,' values over the northern
hemisphere (20°N to 70°N and 0°E to 360°E) for the period 1980-2008
by applying SVD analysis (38), which has been used in meteorological
studies. The SVD identifies pairs of Zsp" pattern that maximize
expansion coefficients, and therefore, the leading mode of covari-
ance provides a measure of how strongly the observed atmospheric
variability is related to the SST-forced variability. We applied SVD
analysis for year-to-year Zso values for April and May, respectively.
The first pairs had high correlations (0.64 for April and 0.74 for May).
Then, we calculated the linear regression coefficients of the large-
scale SSTA from the ERSSTV5 and Zs,’ from the NCEP1 onto the
two corresponding expansion coefficients of the leading SVD mode
as shown in Fig. 1 (A to D).

Significance test of the regression pattern

To ascertain the significance of regression patterns, one essentially
tests N local null hypothesis tests, where N is the number of grid
points. However, assuming that each local null hypothesis is true
can be misleading because of the many erroneous rejections that
will invariably occur for real data. For this reason, climate scientists
have raised concerns about the significance area of regression pat-
terns that is often overstated because of a lack of rigorous significance
testing (39, 40). Here, we further demonstrated that the statistics of
the regression maps of SSTAs and Zsyy" on tornado number anom-
alies over the SGP region in April (Fig. 1E) exceed the probability of
being randomly significant, whereas those for May fail that test (fig. S4).
For the test, we randomly shuffled the anomalous tornado number
index 1000 times and calculated the regression fields between the
random time series and the gridded data (SSTAs and Zs'). Figure
S4 shows the histogram of the correlation coefficients between the
time series and both global SSTA and Zsy' from each grid point within
20°N to 70°N and 0°E to 360°E. In April, the percentages of the
number of grid points that exceed both the random mean (black
line) and the 95% level of the two-tailed test (green lines) are more
than 5.6% of the total grid points for Zsy’ and 11.9% for SSTA.
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None of the grid points in May exceeds even 3% of the statistically
significant grid points.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/8/eaaw9950/DC1

Fig. S1. Schematics illustrating temporal and spatial scale interactions responsible for tornado
generation in the SGP and the associated physical processes.

Fig. S2. Seasonal cycle and year-to-year variability of the number of tornadoes over the SGP region.
Fig. S3. Properties of the PNA teleconnection pattern.

Fig. S4. Significance test for regression patterns.

Fig. S5. Correlation coefficients between anomalies of tornado frequency, large-scale
atmospheric variables, and mesoscale variables associated with tornadic supercell
thunderstorms in each month from April to June.

Fig. S6. Scatterplot of tornado frequencies for April and May for the period 1954-2010 as a
function of CAPE.

Fig. S7. Large-scale patterns controlling the tornado activity in the SGP in March and the
seasonal cycle of the low-level jet.

Fig. S8. Influence of PNA teleconnection on kinematic properties of the tornadic environment.
Fig. S9. Mesoscale activity during strong and weak April tornado years.

Table S1. Details of the AMIP models used in this study.
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