10

15

20

Predictability of a tornado environment index from ENSO and the
Arctic Oscillation

Michael K. Tippett!, Chiara Lepore?, and Michelle L. L’ Heureux?

'Department of Applied Physics and Applied Mathematics, Columbia University, New York, New York
2Lamont-Doherty Earth Observatory, Columbia University, Palisades, New York
3NOAA/NWS/NCEP/Climate Prediction Center, College Park, Maryland

Correspondence: M. K. Tippett (mkt14@columbia.edu)

Abstract. ENSO modulates severe thunderstorm activity in the U.S., with increased activity expected during La Nifia condi-
tions. There is also evidence that severe thunderstorm activity is influenced by the Arctic Oscillation (AO), with the positive
phase being associated with enhanced activity. The combined ENSO/AQ impact is relevant for situations such as in early 2021
when persistent, strong positive and negative AO events occurred during La Nifia conditions. Here we examine the relation of
a spatially-resolved tornado environment index (TEI) with ENSO and the AO in climate model forecasts of February, March,
and April conditions over North America. Bivariate composites on Nifio 3.4 and AO indices show that TEI predictability is
high (strong signals and probability shifts) when the ENSO and AO signals reinforce each other and low when they cancel
each other. The largest increase in the expected value and variance of TEI occurs when Nifio 3.4 is negative and the AO is
positive. Signal-to-noise ratios are higher during El Nifio/negative AO than during La Nifia/positive AO, but probability shifts

are comparable.

1 Introduction

ENSO modulates severe thunderstorm activity (tornadoes, large hail, and damaging straight-line winds) in the U.S., with
increased activity expected during La Nifia conditions in winter and spring (Marzban and Schaefer, 2001; Cook and Schaefer,
2008; Allen et al., 2015; Moore, 2019). The association of ENSO with U.S. tornado and hail activity provides a basis for
seasonal predictions that are based on observed or predicted values of the Nifio 3.4 index (Lepore et al., 2017). On the other
hand, La Nifia conditions during the beginning of 2021 did not translate into consistently enhanced tornado activity during that
period. In particular, Oceanic Nifio Index values in 2021 were —0.9, —0.8, —0.7, and —0.5 for JFM, FMA, MAM, and AMJ,
respectively. However, February, March, April, and May preliminary' tornado report numbers from NOAA’s Storm Prediction
Center were 11, 191, 73, and 289, compared to their most recent three-year averages of 39, 82, 224, and 269, respectively.
Only the March preliminary report numbers were above their most recent three-year average, while the February and April
preliminary report numbers were below their three-year average. The particular events of early 2021 and the generally modest
skill of ENSO-based severe thunderstorm forecasts may simply reflect the limited ENSO signal in severe thunderstorm activity

and the large role of unpredictable weather noise, or may indicate the need to consider other factors.

!Preliminary local storm reports are not quality controlled and are subject to revision.
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Climate predictability studies can provide an indication of how much of the observed variability is explained by ENSO and
other predictable signals and what skill is to be expected from forecasts. A general challenge in estimating climate predictability
is that the predictable variability (signal) is usually modest compared to the unpredictable variability (noise). Predictability can
be estimated using observations or physics-based models. An advantage of model-based predictability studies is that sample
sizes can be substantially larger than the observational record, and both signal and noise can be better estimated (e.g., Deser
et al., 2018). A disadvantage is that the predictability in the model may differ from that in nature (e.g., Scaife and Smith,
2018). Model-based climate predictability studies have tended to focus on quantities such as near-surface temperature and
precipitation, and not severe thunderstorm activity, in large part because climate models do not resolve thunderstorms. However,
climate models can simulate environmental quantities associated with thunderstorms such as convective available potential
energy and wind shear. In the so-called ingredients approach, a climate model simulates the response of these thunderstorm
ingredients to prescribed SST (Lee et al., 2012) or radiative forcings (e.g., Lepore et al., 2021, and references therein).

The difference between the expected ENSO response and what occurs in a given year (e.g., in early 2021) can be attributed
to atmospheric noise. However, such atmospheric noise may include predictable variability that is independent of ENSO. For
instance, ENSO-based predictability of California winter precipitation is relatively low (Kumar and Chen, 2017), but taking
account of subseasonal components identifies additional sources of predictability that can explain deviations from the expected
ENSO response (L’Heureux et al., 2021; Wang et al., 2017). The Arctic Oscillation (AO) may be such a source of subseasonal
predictability for North American severe thunderstorms activity.

The AO is a dominant mode of hemispheric variability which influences North American near-surface temperature and
precipitation, especially during the cold season (Thompson and Wallace, 1998). In particular, the positive phase of the AO
is associated with warmer temperatures across the eastern U.S. and increased variance of band-passed (3—10 days) 500 haPa
height anomalies (Higgins et al., 2000; Thompson and Wallace, 2001). Moreover, the AO is predictable beyond weather time
scales, especially in winter (L'Heureux et al., 2017; Riddle et al., 2013; Stockdale et al., 2015; Tang et al., 2007). Origins of
AO predictability include the stratosphere (Nie et al., 2019) and the tropics (Kumar and Chen, 2018; Scaife et al., 2017). Some
evidence suggests that the AO modulates severe thunderstorms activity. Childs et al. (2018) found a statistically significant
relation between the AO and November—February numbers of tornado rated EF1 and higher in the southeastern U.S. Notably
those tornado report numbers were more strongly related with the AO than with ENSO. Brown and Nowotarski (2020) re-
ported that daily values of the NOAA/Climate Prediction Center AO index were relevant to tornado outbreak likelihood in
the southeastern U.S. across all seasons. Nouri et al. (2021) found a positive relation between annually-averaged state tornado
frequencies and the AO. While only suggestive, the preliminary tornado report numbers in early 2021 are not inconsistent with
the concurrent values of the AO index: February —1.191, March 2.109, April —0.204, and May —0.161.

A limitation of previous studies is that they have not considered spatially-resolved, sub-annual, combined impacts of ENSO
and AO on severe thunderstorm activity. Pooling data across the U.S. or multi-state regions can mix different climate signal
responses, which may dilute or obscure signals and their spatial dependence. Subseasonal analysis is also preferable because
of the strong annual cycle in U.S. severe thunderstorm activity and because the persistence of the AO as measured by its auto-

correlation function is limited to less than 30 days (Domeisen et al., 2018; Keeley et al., 2009). However, robustly estimating
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the spatially-resolved, subseasonal joint response to ENSO and AO from observations alone is challenging because of high
sampling variability. Climate models can provide a complementary approach in which sample size is not limited by the length
of the observational record.

Here, we examine ENSO and AO signals in monthly climate model forecasts. The number of monthly samples in the climate
model data is larger than the observational record by more than a factor of 200 because of multiple forecast initializations and
ensemble members. Since the climate model does not resolve thunderstorms, we investigate the predictability of a spatially
resolved tornado environment index (TEI). TEI is known to capture some aspects of the observed tornado climatology and
variability when it is computed from reanalysis or climate model forecast data (Lepore et al., 2018; Tippett et al., 2014).
The work here is an extension of that in Tippett and Lepore (2021), in which we used the same climate model but analyzed
the impact of ENSO only on a multi-state average of TEI. Here, we specifically address the following questions: What are
the spatially-resolved ENSO and AO signals in TEI? How do the ENSO and AO signals in TEI interfere constructively and
destructively? How does the predictability of TEI depend on the joint ENSO/AO phase?

2 Data and Methods
2.1 Data

The Climate Forecast System, version 2 (CFSv2; Saha et al., 2014) data used is similar to that of Tippett and Lepore (2021)
with some modifications that include additional variables and extension of the spatial domain. Monthly values of the Nifio
3.4 index, convective precipitation (cPrcp), storm-relative helicity (SRH), and geopotential height at 1000 hPa (Z1000) were
taken from reforecasts and realtime forecasts of CFSv2 during the period 1981-2021. Reforecasts consist of 4 initializations
per day (0000, 0600, 1200, and 1800) on every fifth day (not counting Feb 29) starting from 12 Dec 1981 and ending on 27
Mar 2011. Realtime forecasts were sampled at the same initialization frequency starting on 2 Apr 2011 and ending on 29
May 2021. Forecast target months that include the initialization date were discarded. Starts and lead times corresponding to
February, March, and April monthly targets were used in the predictability analysis (sample sizes of 8,774, 8,498, and 8,537,
respectively, for a total of 25,809 forecasts). The Z1000 EOF calculation used 51,653 monthly forecast targets in the range
November—May.

Nifio 3.4 and Z1000 anomalies were computed with respect to a forecast climatology that is a function of target month and
lead time, where lead time is defined as the number of days from the initialization day to the beginning of the target month and
ranges from 1 to 276 days (~9 months). The forecast climatology is computed by averaging over a +10-day lead-time window.
In other words, each forecast anomaly is with respect to the mean of all forecasts that have the same target month and whose
lead time is within 10 days of that of the anomaly being computed. Separate Nifio 3.4 and Z1000 climatologies were used for
starts before and after 0000 1 Jan 1999 to account for a discontinuity in CFSv2 initial conditions (Barnston and Tippett, 2013;
Kumar et al., 2012; Xue et al., 2011).
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The tornado environment index (TEI) was computed from CFSv2 output on a 1° x 1° latitude-longitude grid for land points

in the domain 140°W to 60°W and 25°N to 60°N according to Lepore et al. (2018)
TEI = exp(—14.01 + 1.36log cPrcp + 1.891og SRH) x number of days in target month,

where the units of cPrcp and SRH are kg m~2 d—! and m? s~2, respectively. The CFSv2 TEI forecast climatology in February

has its largest values localized to the Gulf coast which increase and shift northward in March and April (Figure S1).
2.2 Methods

We applied EOF analysis to CFSv2 monthly forecasts of hemispheric Z1000 poleward from 20°N and used PC1 as an AO
index (Thompson and Wallace, 1998). EOF1 explained 31% of the total area-weighted monthly variance and is characterized
by low-pressure anomalies over the pole and high-pressure anomalies over the midlatitude Pacific and Atlantic basins (Figure
S2).

For composites, positive and negative ENSO and AO conditions were defined as occurring when index amplitudes exceeded
0.76 times the monthly standard deviation of the index. We used a lower threshold than the one standard deviation threshold
in Tippett and Lepore (2021) to increase the samples sizes of the four possible bivariate (e.g., El Nifio and positive AO)
composites. For a normally distributed random variable, the 0.76 standard deviation threshold corresponds to the upper and
lower 22.3% of values. That is, the probability of a normally distributed random variable with mean zero and unit variance
exceeding 0.76 is 22.3%. For the joint occurrence of bivariate independent normally distributed random variables, this threshold
corresponds to 5% of values. That is, the probability of two independent and normally distributed random variables with zero
mean and unit variance simultaneously exceeding 0.76 is 5% (= 0.2232). Each month has over 8000 samples, and 5% of
8000 is 400. However, the Nifio 3.4 and AO indices are negatively correlated in CFSv2 forecasts of February, March, and
April (Figure S3). Consequently, the sample sizes of the bivariate composites (corners in Figure S3) differ systemically. In
particular, the composites with opposite-signed Nifio 3.4 and AO indices have more samples, and the composites with same-
signed Nifio 3.4 and AO indices have fewer samples. This difference is largest for March which has the strongest ENSO/AO
relation (r? = 13%). The fraction of CFSv2 forecast Februaries with negative Nifio 3.4 and negative AO indices exceeding the
threshold (similar to February 2021) is 262/8774 ~ 3%.

We measured the predictability of TEI during univariate (e.g., El Nifio) and bivariate (e.g., El Nifio and positive AO) com-
posite conditions using skill scores that were computed under the perfect model assumption. No observational data were used.
We measured the predictability of deterministic forecasts using the mean squared error skill score (MSESS). The perfect model
MSESS is (Tippett and Lepore, 2021)

MSE S2

MSESS =1 — = .
MSEjim Sg + O'?HC

6]

where c labels the univariate or bivariate condition, X is the variable being predicted, MSE = U§(|c is its conditional variance
(noise), MSE i = S2 + ai‘c is the mean squared error of a climatological forecast (bias® + noise), and S, = E[X | ] — E[X]

is the conditional anomaly (signal); E denotes expectation and the vertical line means “conditional on.” Perfect model MSESS
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varies between zero and one and is an 72-value in the sense that it is the square of the expected value of the anomaly correlation
for the given condition (Kumar, 2009; Sardeshmukh et al., 2000). For probability forecasts, we consider the probability of TEI
exceeding its monthly climatological median. We measured predictability of probabilistic forecasts in terms of the shift of the
forecast probability away from its climatological value of 0.5 because the perfect model values of the Brier and log skill scores
depend only on the size of the probability shift—larger probability shifts result in larger skill scores (Tippett and Lepore, 2021).
Expected skill scores in the perfect model context here are always positive (more skill than climatology).

We computed the empirical (no fitting) cumulative probability distribution function of the area-weighted sum of TEI over
land points east of 110°W (denoted summed TEI) for different conditions. We plotted in the results in form of return level plots
in which the vertical coordinate is the 100 x (1 — p) percentile of the data, the horizontal coordinate is the approximate return
period y, = —1/log(1 —p) ~ 1/p, and p is a probability (Coles, 2001; DelSole and Tippett, 2022). For instance, p = 0.01
corresponds to the 100-year return level and period. For p = 0.5, the return level is the median, yp 5 ~ 1.44 and is marked on
the return level plots with M.

To assess the statistical significance of composite, correlation, and probability maps, we followed the procedure of Benjamini
and Hochberg (1995) as detailed in Section 13.4 of DelSole and Tippett (2022). First, a two-sided p-value is computed at each

grid point (land only). The p-value for the correlation p and sample size N is computed by considering the quantity

tcorre]ation = =

which has a t-distribution with N —2 degrees of freedom under the null hypothesis of no correlation. The p-value of a composite

under the condition ¢ is computed by considering the quantity
ﬂc - ﬂE
tcomposite = f
Opooled|/ N, + N
which has a t-distribution with N. 4+ Nz — 2 degrees of freedom under the null hypothesis of no difference; i and N are the
sample mean and sample size, respectively, under the condition ¢ and its negation ¢, as indicated by the subscript, and the
pooled correlation is

o (Ne—1)62 + (N~ 1)82
Opooled = N.+ N-—2 .

The p-value for the probability P, of exceeding the median under condition ¢ is computed from the binomial distribution
with N, trials and success probability 0.5. Second, the p-values are sorted from smallest to largest and then compared to the
sequence v/S,27v/S,...,7, where S is the number of land grid points (here S = 1740), and ~ is the specified False Discovery
Rate (FDR), here 5%. The null hypothesis is rejected for those p-values that are smaller than the comparison sequence. The
largest correlation in absolute value for which the null hypothesis is accepted is denoted pppg; all statistically insignificant
correlations have amplitude less than pppr. The largest TEI composite for which the null hypothesis is accepted is denoted
TElgpg; all statistically insignificant TEI composites have amplitude less than TEIgpr. The largest probability shift from 50%

for which the null hypothesis is accepted is denoted Pgpg; all statistically insignificant probability shifts are less than Pppg.
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Statistical significance of regression maps is equivalent to that of correlation maps (see Section 9.9 DelSole and Tippett, 2022).
Statistical significance of a MSESS map under the condition c is equivalent to statistical significance of a composite map under
the same condition since analysis of variance in this case is equivalent to a t-test for a difference in means.

For plotting composite, MSESS, and probability maps, we masked locations where the values were statistically insignificant
or where the absolute value of the TEI composite anomaly was less than 0.05. In addition, we masked MSESS values less
than 0.05 and probability values that were less than 5 percentage points away from 50%. Our use of thresholds in addition to

statistical significance reflects the fact that with large sample sizes nearly all results are statistically significant.

3 Results
3.1 Univariate composites

ENSO and AO composites of TEI anomalies show signals that are centered over Louisiana and Arkansas in February and that
shift northward in March and April (Figure 1). The TEI signals are mostly positive during La Nifia conditions and during the
positive phase of the AO, with the opposite sign over Florida. TEI signals are essentially reversed when the ENSO or AO phase
is inverted. Overall, there is no strong indication of nonlinear responses to positive and negative values of the indices.

Signal amplitudes are highest in March and lowest in April. Signals in May are weaker still (not shown). Regression and
correlation maps show the same subseasonal variation in the strength of the relation of TEI with the Nifio 3.4 and AO indices
(Figures S4 and S5). Correlation maps show additional continental scale structure in the west and north where there are sizable
correlations but where the TEI variability is too small to appear in the composite or regression patterns. The strongest TEI
correlations are of the order 0.3-0.4 which is highly statistically significant in the model data here, but would be less so in 40
years of data for which the 5% significance threshold would be about 0.32. The ENSO and AO spatial patterns and amplitude
are similar in February and March. In April the AO pattern is shifted further northward than the ENSO one. Correlation maps
indicate that both TEI ingredients contribute to the April differences between ENSO and AO patterns (Figures S6 and S7).
Overall, the ENSO signal is slightly stronger than the AO one (Figure 1), which may reflect the stronger correlation of the
dominant TEI ingredient (SRH) with the Nifio 3.4 index than with the AO index.

To address the question of how ENSO and AO might modulate the total number of tornadoes, we examined the distribution
of TEI summed over land points east of 110°W (last row Figure 1). Summed TEI return levels are higher for La Nifia and
positive AO (active phases) than for El Nifio and negative AO (inactive phases), with corresponding changes in return period.
A summed TEI value of 150 in February has a return period of about 10 years during active phases and a return period of
about 100 years during inactive phases. Return levels for the two active phases are similar for return periods up to about 20
years at which point sampling variability becomes noticeable, and likewise for the two inactive phases. The active phase return
level curves have steeper slopes, and the steeper slopes indicate greater extension of the distribution rightward to more extreme
values. Moreover, the return level curves are approximately straight lines, which means that the distributions are reasonably
approximated by the Gumbel distribution. The variance of a Gumbel distributed random variable is proportional to the square

of the slope of the return level line (see Appendix A) which means that the active phases have higher variance than the inactive
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Figure 1. Rows 1-4: Univariate Nifio 3.4 and AO composites of February, March, and April TEI anomalies. TEI units are number of tornado
reports per 1x1 grid box. The sample size for each case is indicated in the lower left corner. All statistically insignificant values have amplitude
less than TEIrpr which is shown on each map. Statistically insignificant values and values with absolute value less than 0.05 are masked.
Bottom row: Summed (land points east of 110°W) TEI return levels and approximate return periods conditional on univariate Nifio 3.4 and

AO phases. "M’ marks the approximate return period of the median.
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phases. The differing slopes of the return level curves means that the return level change between active and inactive phases

(vertical distance between return levels curves) increases with return period.
3.2 Bivariate composites

We computed bivariate composites of TEI anomalies conditional on the simultaneous values of the Nifio 3.4 and AO indices
to investigate the constructive and destructive interference between the ENSO and AO signals. TEI signals are strong when
the ENSO and AO signals reinforce each other (interference is constructive), which is the case for opposite-signed indices,
namely, La Nifia/AO+ (first row Figure 2) and El Nino/AO— (fourth row). The bivariate constructive signals are stronger than
the univariate ones (compare with Figure 1) and show the same subseasonal variation in strength with the strongest signals in
March and the weakest ones in April. TEI signals are weak when the ENSO and AO signals cancel, i.e., same-signed indices—
La Nifia/AO— and El Nifio/AO+ (second and third rows of Figure 2). The La Nifia/AO— signal, although weak, is overall
positive.

Summed TEI return levels deviate from their climatological (All) values only when the ENSO and AO signals reinforce
each other (bottom row Figure 2). When the ENSO and AO signal cancel, the distribution of summed TEI values is similar
to the climatological one. As in the univariate composites, the return level curves are approximately straight lines, and the
distributions are reasonably approximated by Gumbel distributions. The active phase return period curves have steeper slopes
than the inactive phase ones, which as in the univariate composites indicate greater extension of the distribution rightward to
more extreme values, higher variance, and larger differences at longer return periods. A March summed TEI value of 150 has
an approximate return period of 3 years during La Nifia/AO+ conditions and a return period of 20 years during El Nifio/AO—

conditions.
3.3 Bivariate composite predictability

Perfect model MSESS values can be interpreted as squared anomaly correlation values and are low when the ENSO and AO
signals cancel (second and third rows of Figure 3). Comparing the two constructively phased cases, MSESS is higher when
TEI is reduced (El Nino/AO—) than when TEI is enhanced (La Nifia/AO+). Since MSESS is an increasing function of signal-
to-noise ratio (see Equation 1) and the signal amplitudes of the two constructive phased cases are about the same (compare first
and fourth rows of Figure 2), the difference in MSESS is due to the noise variance being larger when TEI is larger. We return
to the reason for this difference in variance in the Discussion. This increased variance is consistent with the increased variance
of summed TEI seen in the return level plots (bottom row Figure 2). A consequence of increased variance is that mean squared
error will be larger during La Nifia/AO+ conditions than during El Nifio/AO— conditions.

For probabilistic forecasts during each of the four bivariate conditions, we considered the probability of TEI exceeding
its climatological median. The expected Brier skill score and log skill score are symmetric increasing functions of the fore-
cast probability shift away from its climatological value of 50%—Ilarger probability shifts mean larger expected skill scores.
Therefore, we only show the probability shifts for the bivariate composites (Figure 4). Substantial probability shifts only occur

when the ENSO and AO signals reinforce each other, i.e., for bivariate composites with opposite-signed indices, namely La
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Figure 4. Probabilities of February, March, and April TEI exceeding its climatological median value for bivariate Nifio 3.4/AO composites.
The color bar is centered on the climatological value of 50%. Statistically insignificant values, locations with composite amplitude less than
0.05, and shifts away from 50% that are less than 5 percentage points are masked. All statistically insignificant probability shifts away from

50% are less than Prpr which is shown on each map.

Nifia/AO+ and El Nifio/AO—. The probability shifts for these two case are nearly the same, indicating the same level of pre-
dictability and expected perfect model skill. This behavior is different from that of MSESS which showed higher predictability
and expected skill for El Nifio/AO—. We return to this point in the Discussion section. The largest probability shifts occur in
March, and the smallest probability shifts occur in April. Probability shifts when the ENSO or AO phase is considered sepa-
rately are weaker than those when ENSO and the AO reinforce each other (compare Figure S8 with the first and fourth rows of

Figure 4).
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Both predictability measures show some regions west of 100°W and north into Idaho, Washington state, and British
Columbia where TEI in CFSv2 is predictable. On the other hand, few if any tornadoes or thunderstorms are reported in
some of these regions, and the findings here may reflect a previously noted positive bias of TEI compared to tornado reports in

environments that have relatively high SRH and low cPrcp during this time of the year (Tippett et al., 2014).

4 Summary and discussion

Preliminary reports of U.S. tornadoes appear to have diverged from the enhanced activity that would be expected during
the La Nifia conditions of early 2021, a period when notable monthly Arctic Oscillation (AO) anomalies also occurred. To
investigate the question of how ENSO and the AO jointly modulate North America severe thunderstorm activity, we computed
a tornado environment index (TEI) in 41 years of climate model forecasts for target months in the range February—April.
Because the forecasts have many initializations and ensemble members, the sample size is large enough to compute robust
bivariate composites based on simultaneous values of the Nifio 3.4 and AO indices. Because lead times extend up to about
nine months when forecasts are nearly independent of the verifying observations, model results are less closely tied to the

observational record of the particular weather events that occurred. Our main findings are:

— ENSO and AO teleconnections in TEI have similar patterns and amplitudes over North America, with the AO index

being overall positively correlated with TEIL.

— TEI predictability is high (strong anomalies and probability shifts) when the ENSO and AO signals reinforce each other
(opposite-signed Nifio 3.4 and AO indices).

— When the ENSO and AO signals interfere destructively (same-signed Nifio 3.4 and AO indices), the signals cancel, and
TEI predictability is small.

We computed the predictability of TEI by target month conditional on the simultaneous phases of ENSO and the AO.
Predictability was measured using skill scores that were computed under the perfect model assumption. The mean squared
error skill score (MSESS) is a skill score for deterministic forecasts, and the perfect model MSESS depends only on the signal-
to-noise ratio. To leading order, MSESS reflects the TEI signal amplitude and is small (little predictability) when the ENSO
and AO signals cancel and is large (high predictability) when they reinforce each other. MSESS is highest in March and lowest
in April. Comparing the two constructively phased situations, MSESS is higher during inactive phases (positive Nifio 3.4 and
negative AO indices) than during active phases (negative Nifio 3.4 and positive AO indices). The reason for this difference is
that the noise variance is smaller during inactive phases, and consequently the signal-to-noise-ratio is larger.

On the other hand, the perfect model Brier and log skill scores depend only on the size of the probability shifts, which are
nearly the same for active and inactive constructively phased composites. This difference between predictability as measured
by MSESS and predictability as measured by probability shift is perhaps unexpected because previous studies have noted
a one-to-one correspondence between perfect model skill scores of deterministic and probabilistic forecasts (e.g., Tippett,

2019, and references therein). For instance, Tippett et al. (2010) found that the perfect model Brier skill score (BSS) was a
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function of the anomaly correlation AC and that BSS ~ 1 — /1 — AC. However, those results apply when the skill score is
computed by averaging over joint-Gaussian distributed forecasts and observations. Here the distributions are not Gaussian, and
the averages are over composites which each have a specific mean (signal) and variance (noise). In this case, MSESS averaged
over composites is a function of the mean-to-variance ratio alone, but the probability shift is not, even for Gaussian distributions
(Tippett et al., 2010). Here areal sums of TEI are Gumbel distributed, and the probability shift for Gumbel distributions depends
on the location and scale parameters separately (see Appendix A). Arguably, probability shifts are the more valid predictability
measure in this context since they measure the difference between forecast and climatological distributions and since the log
skill score is an information theory-based measure (DelSole and Tippett, 2007).

TEI is the product of convective precipitation and storm relative helicity (SRH), and here both factors are sensitive to the
phases of ENSO and the AO, with SRH showing stronger correlations (Figures S6 and S7). Tippett and Lepore (2021) showed
that the variance of a product of random variables is larger when the means of the two factors are larger and smaller when the
means are smaller, which explains the decreased TEI variance during inactive phases seen here. The dependence of both TEI
ingredients on ENSO and AO phase is different from the projected climate change signal in which a warming climate leads to
upward trends in convective available potential energy (CAPE) and little or downward trends in SRH or other measures of wind
shear (Diffenbaugh et al., 2013; Lepore et al., 2021). This difference in dependence might be useful in distinguishing between
climate change and internal variability in observations, especially since some observational studies that have detected trends
in thunderstorm report data have also found trends in SRH to be the dominant factor (Lu et al., 2015; Tippett, 2014; Tippett
et al., 2016). Given the relation between Pacific forcing and SRH seen here, observed trends in the Pacific zonal SST gradient
toward a more La Nifa-like state might play a role in observed upward SRH trends, though at present whether the Pacific trends
represent forced or internal variability is a topic of debate (Seager et al., 2019; Watanabe et al., 2021). The presence of ENSO
and AO signals in SRH may also have implications for changes in intensity. Lepore and Tippett (2020) found that increases
in SRH were associated with larger percent increases in the number of tornadoes rated EF2 and higher than in lower rated
tornadoes. Here the implication would be that the ENSO and AO phases might modulate the relative frequency of stronger
tornadoes while the projected climate change signal would not.

Although the model results here suggest a potential role for the joint phases of ENSO and the AO in modulating severe
thunderstorm activity, a number of questions remain. Two key questions are whether the ENSO and AO teleconnections in TEI
found here are present in other climate models and in reanalysis and whether relations with TEI translate to relations with severe
thunderstorm reports. These questions have been explored for the ENSO signal (Allen et al., 2015) but not for the AO and not
for ENSO and the AO jointly. As far as we know, this is the first study to examine the constructive/destructive interference
of the ENSO and AO signals. Interference of the ENSO and AO signals may also be present in near-surface temperature and
precipitation. Regarding the physical mechanisms behind this interaction, one clue might be the fact that the midlatitude jet
stream tends to be farther north during both La Nifia and positive AO conditions.

Sampling variability is a challenge to analyzing climate signals in severe thunderstorm reports and reanalysis data. The
teleconnection patterns found here could provide guidance when pooling observational data in time and space so as to reduce

noise without diluting the signal. For instance, the modest signals in April and May would suggest that pooling data across the
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March-May season would be suboptimal. In the same vein, analysis of observational data for evidence of an AO signal may be
more effective using daily data because the persistence of the AO as measured by its autocorrelation function tends to be less
than 30 days (Keeley et al., 2009; Domeisen et al., 2018).

Appendix A: Gumbel distribution

The CDF of a Gumbel-distributed random variable X is

Prob(X < z) = F(x,p,B8) = eme TP
where p and 3 > 0 are location and scale parameters, respectively. The variance of X is 72/3%/6. Defining the exceedence

probability p = Prob(X > z), and solving for x gives

_e—(@—n)/B

p=1—e
log(1—p) = —e—(@=w)/B

log(—1log(1 —p)) = —”C;”

x = p+ Blog(—1/log(1—p)).

This means that the graph of the return level as function of the approximate return period y, = —1/log(1 — p) is a straight line

on an abscissa log-scale plot. The slope of the line is 3, and the intercept is x. The median x; is found by setting p = 0.5,

M = — Blog(log(Q)) .

The approximate return period for the median is yo.5 = 1/1log(2) ~ 1.44. The mean is p+ B where «y is Euler’s constant
~ 0.577. Since —log(log(2)) & 0.37, the mean is to the right of median.

Forecasts are of the probability of TEI exceeding its median value conditional on the phases of ENSO and the AO. Suppose
that during a particular phase of ENSO and the AO, the Gumbel parameters of the TEI distribution are y+ Ay and 8+ ApS,
where 1 and (3 are the parameters of the climatological distribution. How does the probability of TEI exceeding its median

value change from its climatological value of 50%?
P(X >an)=1—F(xm,p+ Ap, B+ AB)

The power series approximation of F'(x,,, 1 + Apu, 8+ AB) is

F(2m, i+ Ap, B+ AB) “F(wM)+g—iAu+ %Aﬂ
=F(zm) (1 +log?2 (AI; - 10g(10g(2))Aﬁ/3)> . "

This means that positive values of Ay and Af increase the probability and negative values decrease the probability.

14



Data availability. ONI data provided by NOAA/CPC at https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.

php. AO index data provided by NOAA/CPC at https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/monthly.ao.index.
310 b50.current.ascii.table. Preliminary US 2021 tornado report numbers and 3-year averages provided by NOAA/SPC at https://www.spc.noaa.

gov/climo/online/monthly/newm.html. CFSv2 data provided by the IRI Data Library at http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/

.NCEP/. EMC/.CFSv2/.

Author contributions. MKT carried out the analysis and prepared the manuscript with contributions from all co-authors.

Competing interests. The authors declare no competing interests.

315  Acknowledgements. MKT and CL gratefully acknowledge the support of the Willis Research Network.

15


https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/monthly.ao.index.b50.current.ascii.table
https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/monthly.ao.index.b50.current.ascii.table
https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/monthly.ao.index.b50.current.ascii.table
https://www.spc.noaa.gov/climo/online/monthly/newm.html
https://www.spc.noaa.gov/climo/online/monthly/newm.html
https://www.spc.noaa.gov/climo/online/monthly/newm.html
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP/.EMC/.CFSv2/
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP/.EMC/.CFSv2/
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP/.EMC/.CFSv2/

320

325

330

335

340

345

350

References

Allen, J. T., Tippett, M. K., and Sobel, A. H.: Influence of the El Nifio/Southern Oscillation on tornado and hail frequency in the United
States, Nat. Geosci., 8, 278-283, https://doi.org/10.1038/nge02385, 2015.

Barnston, A. G. and Tippett, M. K.: Predictions of Nino3.4 SST in CFSvl and CFSv2: A Diagnostic Comparison, Clim. Dyn., 41, 1-19,
https://doi.org/10.1007/s00382-013-1845-2, 2013.

Benjamini, Y. and Hochberg, Y.: Controlling the false discovery rate: a practical and powerful approach to multiple testing, Journal of the
Royal Statistical Society: Series B (Methodological), 57, 289-300, 1995.

Brown, M. C. and Nowotarski, C. J.: Southeastern US tornado outbreak likelihood using daily climate indices, Journal of Climate, 33,
3229-3252, 2020.

Childs, S. J., Schumacher, R. S., and Allen, J. T.: Cold-Season Tornadoes: Climatological and Meteorological Insights, Weather and Fore-
casting, 33, 671-691, https://doi.org/10.1175/WAF-D-17-0120.1, 2018.

Coles, S.: An Introduction to Statistical Modeling of Extreme Values, Springer Series in Statistics, Springer, 2001.

Cook, A. R. and Schaefer, J. T.: The Relation of El Nifio—Southern Oscillation (ENSO) to Winter Tornado Outbreaks, Mon. Wea. Rev., 136,
3121-3137, https://doi.org/10.1175/2007TMWR2171.1, 2008.

DelSole, T. and Tippett, M. K.: Predictability: Recent insights from information theory, Rev. Geophys., 45, RG4002,
https://doi.org/10.1029/2006RG000202., 2007.

DelSole, T. M. and Tippett, M. K.: Statistical Methods for Climate Scientists, Cambridge University Press,
https://doi.org/10.1017/9781108659055, 2022.

Deser, C., Simpson, L. R., Phillips, A. S., and McKinnon, K. A.: How well do we know ENSO’s climate impacts over North America, and
how do we evaluate models accordingly?, Journal of Climate, 31, 4991-5014, 2018.

Diffenbaugh, N. S., Scherer, M., and Trapp, R. J.: Robust increases in severe thunderstorm environments in response to greenhouse forcing,
Proc. Natl. Acad. Sci. (USA), 110, 16 361-16 366, https://doi.org/10.1073/pnas.1307758110, 2013.

Domeisen, D. 1., Badin, G., and Koszalka, I. M.: How predictable are the Arctic and North Atlantic Oscillations? Exploring the variability
and predictability of the Northern Hemisphere, Journal of Climate, 31, 997-1014, 2018.

Higgins, R., Leetmaa, A., Xue, Y., and Barnston, A.: Dominant factors influencing the seasonal predictability of US
precipitation and surface air temperature, Journal of Climate, 13, 3994-4017, https://doi.org/https://doi.org/10.1175/1520-
0442(2000)013<3994:DFITSP>2.0.CO;2, 2000.

Keeley, S. P. E., Sutton, R. T., and Shaffrey, L. C.: Does the North Atlantic Oscillation show unusual persistence on intraseasonal timescales?,
Geophysical research letters, 36, L22 706, 2009.

Kumar, A.: Finite Samples and Uncertainty Estimates for Skill Measures for Seasonal Prediction, Mon. Wea. Rev., 137, 2622-2631, 2009.

Kumar, A. and Chen, M.: What is the variability in US west coast winter precipitation during strong El Nifio events?, Climate Dynamics, 49,
2789-2802, https://doi.org/10.1007/s00382-016-3485-9, 2017.

Kumar, A. and Chen, M.: Causes of skill in seasonal predictions of the Arctic Oscillation, Climate dynamics, 51, 2397-2411, 2018.

Kumar, A., Chen, M., Zhang, L., Wang, W., Xue, Y., Wen, C., Marx, L., and Huang, B.: An Analysis of the Nonstationarity in the Bias
of Sea Surface Temperature Forecasts for the NCEP Climate Forecast System (CFS) Version 2, Mon. Wea. Rev., 140, 3003-3016,
https://doi.org/10.1175/MWR-D-11-00335.1, 2012.

16


https://doi.org/10.1038/ngeo2385
https://doi.org/10.1007/s00382-013-1845-2
https://doi.org/10.1175/WAF-D-17-0120.1
https://doi.org/10.1175/2007MWR2171.1
https://doi.org/10.1029/2006RG000202.
https://doi.org/10.1017/9781108659055
https://doi.org/10.1073/pnas.1307758110
https://doi.org/https://doi.org/10.1175/1520-0442(2000)013%3C3994:DFITSP%3E2.0.CO;2
https://doi.org/https://doi.org/10.1175/1520-0442(2000)013%3C3994:DFITSP%3E2.0.CO;2
https://doi.org/https://doi.org/10.1175/1520-0442(2000)013%3C3994:DFITSP%3E2.0.CO;2
https://doi.org/10.1007/s00382-016-3485-9
https://doi.org/10.1175/MWR-D-11-00335.1

355

360

365

370

375

380

385

Lee, S.-K., Atlas, R., Enfield, D., Wang, C., and Liu, H.: Is There an Optimal ENSO Pattern That Enhances Large-Scale Atmospheric
Processes Conducive to Tornado Outbreaks in the United States?, J. Climate, 26, 1626—1642, https://doi.org/10.1175/JCLI-D-12-00128.1,
2012.

Lepore, C. and Tippett, M.: Environmental controls on the climatological scaling of tornado frequency with intensity, Mon. Wea. Rev., 148,
44674478, https://doi.org/10.1175/MWR-D-20-0138.1, 2020.

Lepore, C., Tippett, M. K., and Allen, J. T.. ENSO-based probabilistic forecasts of March—-May U.S. tornado and hail activity, Geophys. Res.
Lett., 44, 9093-9101, https://doi.org/10.1002/2017GL074781, 2017.

Lepore, C., Tippett, M. K., and Allen, J. T.: CFSv2 monthly forecasts of tornado and hail activity, Wea. Forecasting, 33, 1283-1297,
https://doi.org/10.1175/WAF-D-18-0054.1, 2018.

Lepore, C., Abernathey, R., Henderson, N., Allen, J. T., and Tippett, M. K.: Future Global Convective Environments in CMIP6 Models,
Earth’s Future, p. €2021EF002277, 2021.

L’Heureux, M. L., Tippett, M. K., Kumar, A., Butler, A. H., Ciasto, L. M., Ding, Q., Harnos, K. J., and Johnson, N. C.: Strong Rela-
tions Between ENSO and the Arctic Oscillation in the North American Multi-Model Ensemble, Geophys. Res. Lett., 44, 11 654—11 662,
https://doi.org/10.1002/2017GL074854, 2017.

L’Heureux, M. L., Tippett, M. K., and Becker, E. J.: Sources of Subseasonal Skill and Predictability in Wintertime California Precipitation
Forecasts, Weather and Forecasting, 36, 1815-1826, https://doi.org/10.1175/WAF-D-21-0061.1, 2021.

Lu, M., Tippett, M., and Lall, U.: Changes in the Seasonality of Tornado and Favorable Genesis Conditions in the Central United States,
Geophys. Res. Lett., 42, 4224-423, https://doi.org/10.1002/2015GL063968, 2015.

Marzban, C. and Schaefer, J. T.: The Correlation between U.S. Tornadoes and Pacific Sea Surface Temperatures, Mon. Wea. Rev., 129,
884895, https://doi.org/10.1175/1520-0493(2001)129<0884:TCBUST>2.0.CO:;2, 2001.

Moore, T. W.: Seasonal Frequency and Spatial Distribution of Tornadoes in the United States and Their Relationship to the El Nifio/South-
ern Oscillation, Annals of the American Association of Geographers, 109, 1033-1051, https://doi.org/10.1080/24694452.2018.1511412,
2019.

Nie, Y., Scaife, A. A., Ren, H.-L., Comer, R. E., Andrews, M. B., Davis, P., and Martin, N.: Stratospheric initial conditions provide seasonal
predictability of the North Atlantic and Arctic Oscillations, Environmental Research Letters, 14, 034 006, 2019.

Nouri, N., Devineni, N., Were, V., and Khanbilvardi, R.: Explaining the trends and variability in the United States tornado records using
climate teleconnections and shifts in observational practices, Scientific Reports, 11, 1741, https://doi.org/10.1038/s41598-021-81143-5,
2021.

Riddle, E. E., Butler, A. H., Furtado, J. C., Cohen, J. L., and Kumar, A.: CFSv2 ensemble prediction of the wintertime Arctic Oscillation,
Climate dynamics, 41, 1099-1116, 2013.

Saha, S., Moorthi, S., Wu, X., Wang, J., Nadiga, S., Tripp, P., Behringer, D., Hou, Y.-T., Chuang, H.-y., Iredell, M., Ek, M., Meng, J., Yang,
R., Pefia Mendez, M., van den Dool, H., Zhang, Q., Wang, W., Chen, M., and Becker, E.: The NCEP Climate Forecast System Version 2,
J. Climate, 27, 2185-2208, https://doi.org/10.1175/JCLI-D-12-00823.1, 2014.

Sardeshmukh, P. D., Compo, G. P., and Penland, C.: Changes of Probability Associated with El Nifio, J. Climate, 13, 4268-4286, 2000.

Scaife, A. A. and Smith, D.: A signal-to-noise paradox in climate science, npj Climate and Atmospheric Science, 1, 1-8, 2018.

Scaife, A. A., Comer, R. E., Dunstone, N. J., Knight, J. R., Smith, D. M., MacLachlan, C., Martin, N., Peterson, K. A., Rowlands, D., Carroll,
E. B, et al.: Tropical rainfall, Rossby waves and regional winter climate predictions, Quarterly Journal of the Royal Meteorological

Society, 143, 1-11, 2017.

17


https://doi.org/10.1175/JCLI-D-12-00128.1
https://doi.org/10.1175/MWR-D-20-0138.1
https://doi.org/10.1002/2017GL074781
https://doi.org/10.1175/WAF-D-18-0054.1
https://doi.org/10.1002/2017GL074854
https://doi.org/10.1175/WAF-D-21-0061.1
https://doi.org/10.1002/2015GL063968
https://doi.org/10.1175/1520-0493(2001)129%3C0884:TCBUST%3E2.0.CO;2
https://doi.org/10.1080/24694452.2018.1511412
https://doi.org/10.1038/s41598-021-81143-5
https://doi.org/10.1175/JCLI-D-12-00823.1

390

395

400

405

410

415

Seager, R., Cane, M., Henderson, N., Lee, D.-E., Abernathey, R., and Zhang, H.: Strengthening tropical Pacific zonal sea surface temperature
gradient consistent with rising greenhouse gases, Nature Climate Change, 9, 517-522, 2019.

Stockdale, T. N., Molteni, F., and Ferranti, L.: Atmospheric initial conditions and the predictability of the Arctic Oscillation, Geophysical
Research Letters, 42, 1173-1179, 2015.

Tang, Y., Lin, H., Derome, J., and Tippett, M. K.: A predictability measure applied to seasonal predictions of the Arctic Oscillation, J.
Climate, 20, 4733-4750, 2007.

Thompson, D. W. and Wallace, J. M.: The Arctic Oscillation signature in the wintertime geopotential height and temperature fields, Geo-
physical Research Letters, 25, 1297-1300, https://doi.org/https://doi.org/10.1029/98GL00950, 1998.

Thompson, D. W. and Wallace, J. M.: Regional climate impacts of the Northern Hemisphere annular mode, Science, 293, 85-89, 2001.

Tippett, M. K.: Changing volatility of U.S. annual tornado reports, Geophys. Res. Lett., 41, 6956-6961,
https://doi.org/10.1002/2014GL061347, 2014.

Tippett, M. K.: Comment on “On the Relationship Between Probabilistic and Deterministic Skills in Dynamical Seasonal Climate Predic-
tion”, J. Geophys.Res. Atmos., https://doi.org/10.1029/2018JD029345, 2019.

Tippett, M. K. and Lepore, C.: ENSO-Based Predictability of a Regional Severe Thunderstorm Index, Geophysical Research Letters, 48,
€2021GL094 907, https://doi.org/https://doi.org/10.1029/2021GL094907, 2021.

Tippett, M. K., Barnston, A. G., and Delsole, T.: Comment on "Finite Samples and Uncertainty Estimates for Skill Measures for Seasonal
Prediction", Mon. Wea. Rev., 138, 1487-1493, 2010.

Tippett, M. K., Sobel, A. H., Camargo, S. J., and Allen, J. T.: An empirical relation between U.S. tornado activity and monthly environmental
parameters, J. Climate, 27, 2983-2999, https://doi.org/10.1175/JCLI-D-13-00345.1, 2014.

Tippett, M. K., Lepore, C., and Cohen, J. E.: More tornadoes in the most extreme U.S. tornado outbreaks, Science, 354, 1419-1423,
https://doi.org/10.1126/science.aah7393, 2016.

Wang, S., Anichowski, A., Tippett, M. K., and Sobel, A. H.: Seasonal noise vs. subseasonal signal: forecasts of California precipitation
during the unusual winters of 2015-16 and 201617, Geophys. Res. Lett., 44, 9513-9520, https://doi.org/10.1002/2017GL075052, 2017.

Watanabe, M., Dufresne, J.-L., Kosaka, Y., Mauritsen, T., and Tatebe, H.: Enhanced warming constrained by past trends in equatorial Pacific
sea surface temperature gradient, Nature Climate Change, 11, 33-37, 2021.

Xue, Y., Huang, B., Hu, Z.-Z., Kumar, A., Wen, C., Behringer, D., and Nadiga, S.: An assessment of oceanic variability in the NCEP climate
forecast system reanalysis, Clim. Dyn., 37, 2511-2539, https://doi.org/10.1007/s00382-010-0954-4, 2011.

18


https://doi.org/https://doi.org/10.1029/98GL00950
https://doi.org/10.1002/2014GL061347
https://doi.org/10.1029/2018JD029345
https://doi.org/https://doi.org/10.1029/2021GL094907
https://doi.org/10.1175/JCLI-D-13-00345.1
https://doi.org/10.1126/science.aah7393
https://doi.org/10.1002/2017GL075052
https://doi.org/10.1007/s00382-010-0954-4

