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Key Points:

* Modern ENSO indices outperform the traditional Nifio-3.4 index in terms of their asso-
ciation with Atlantic tropical cyclone activity

» The modern ENSO indices show stronger links to central Pacific convection and tropi-
cal cyclone-related conditions in the Atlantic

« Forecasts of Atlantic tropical cyclone activity based on the modern ENSO indices have

higher skill than ones based on Nifio-3.4

Corresponding author: M. K. Tippett, nkt14@columbia.edu



20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

Abstract

El Nifio-Southern Oscillation (ENSO) influences global climate variability, including Atlantic
tropical cyclone activity. The Nifio-3.4 index has long been used to characterize ENSO. How-
ever, new ENSO indices have been proposed in recent years. Here, in the context of Atlantic trop-
ical cyclone activity, we compared Nifio-3.4 to three modern ENSO indices: the relative Nifio-

3.4 index, the ENSO Longitudinal Index (ELI), and a Pacific sea surface temperature zonal gra-
dient index. We examined the association of their August—October values with central Pacific
convection, tropical cyclone-related variables in the Atlantic (e.g., vertical wind shear and po-
tential intensity), and Atlantic tropical cyclone activity. We also assessed the skill of seasonal fore-
casts of the ENSO indices and the skill of index-based forecasts of Atlantic tropical cyclone ac-
tivity. We found that the modern ENSO indices outperform the traditional Nifio-3.4 index in nearly
all aspects, with the relative Nifio-3.4 index showing statistically significant advantages in many

cases.

Plain Language Summary

El Nifio-Southern Oscillation (ENSO) is a recurring climate pattern in the tropical Pacific
Ocean that influences weather and climate around the world, including hurricane activity in the
Atlantic. For decades ENSO has been tracked using the “Nifio-3.4” index, based on sea surface
temperatures in the equatorial Pacific. However, new “modern” ENSO indices have been devel-
oped to better capture changes in where and how ENSO events develop, and to account for long-
term warming in the tropics. We compared the traditional Nifio-3.4 index to three modern indices:
the relative Nifio-3.4 index, the ENSO Longitudinal Index, and a Pacific Ocean temperature-gradient
index—using August—October seasonal means. We examined how each relates to atmospheric
conditions over the Pacific, to environmental factors that affect hurricanes in the Atlantic (such
as wind shear and potential intensity), and to the number and strength of hurricanes. We also tested
how well each index can be predicted in advance by seasonal climate forecast models, and how
this translates into skill for seasonal hurricane outlooks. The modern indices provided an over-
all stronger link to hurricane-related conditions in the Atlantic and to observed hurricane activ-
ity. In many cases, they also offered better seasonal forecast performance than the traditional Nifio-

3.4 index.
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1 Introduction

Remote and local climate conditions influence seasonal Atlantic tropical cyclone activity.
In particular, ENSO variability in the tropical Pacific plays a role in determining seasonal Atlantic
tropical cyclone activity (Lin et al., 2020) by modulating vertical wind shear over the Atlantic
(Goldenberg & Shapiro, 1996) and through tropospheric temperature teleconnections (Tang &
Neelin, 2004). Consequently, ENSO is a key factor in seasonal predictions of Atlantic tropical
cyclone activity (Gray et al., 1993; Klotzbach, 2007; Klotzbach et al., 2017; Vecchi et al., 2010;
Villarini et al., 2010) and in explanations of year-to-year variability (Klotzbach et al., 2024; Saun-
ders et al., 2020). ENSO conditions are typically summarized by sea surface temperature (SST)
indices, with the Nifio-3.4 index and its seasonal counterpart the Oceanic Nifio Index (ONI) be-

ing most commonly used (Barnston et al., 1997; Kousky & Higgins, 2007).

Although Nifio-3.4 has been the default ENSO index for decades, modern ENSO indices
have been introduced in recent years to capture additional aspects of ENSO variability and to ac-
count for a changing climate. For instance, ENSO events exhibit event-to-event diversity in their
east-west location and structure (Kao & Yu, 2009; Capotondi et al., 2014) which is not explic-
itly accounted for in the Nifio-3.4 index. The ENSO Longitudinal Index (ELI; Williams & Patri-
cola, 2018) is designed to represent this diversity by providing an estimate of the average lon-
gitude of tropical deep convection. ELI is computed from SST using the approximation that trop-
ical precipitation occurs where relative SST (SST with the tropical mean SST subtracted) is pos-
itive (e.g., Izumo et al., 2020). Long-term warming trends and their impact on 30-year climatolo-
gies raise issues for the traditional Nifio-3.4 index. The relative Nifio-3.4 index (the difference
of the Nifio-3.4 index with the tropical mean SST) addresses these issues by its use of relative
SST, which at the same time provides a theory-based connection to convection in the ENSO re-

gion (L'Heureux et al., 2024; Van Oldenborgh et al., 2021).

Indices based on Pacific zonal SST gradients have received considerable attention recently
because of discrepancies between their observed and modeled long-term trends and the result-
ing uncertainty for projections of tropical cyclone risk (S. Lee et al., 2022; Seager et al., 2022;
Sobel et al., 2023). On interannual timescales, zonal SST gradients are a key element in the Bjerk-
nes feedback whereby a reduction of the east-west tropical Pacific SST gradient during El Nifio
conditions weakens the low-level equatorial easterlies, leading to reduced upwelling and further
SST warming in the east. Despite the important role of the east-west tropical SST gradient, only

a few studies have adopted zonal SST gradient indices to represent ENSO (Hoell & Funk, 2013).
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Several studies have examined the relationship of ELI with tropical cyclone activity. Williams
and Patricola (2018, their Table S5;) found higher correlations of ELI with seasonal Atlantic trop-
ical cyclone activity over the period 1950-2015 than when using Nifio-3.4. In particular, they found
correlations of -0.33 (Nifio-3.4) vs. -0.35 (ELI) for accumulated cyclone energy (ACE) and -0.37
(Nifio-3.4) vs. -0.41 (ELI) for number of hurricanes. In terms of global tropical cyclone activ-
ity 1990-2021, Klotzbach, Wood, Schreck 111, et al. (2022) found significant correlations between
seasonal values of ELI and eastern North Pacific ACE (r = 0.47), western North Pacific ACE
(r = 0.76), North Atlantic ACE (r = —0.51), and South Pacific ACE (r = 0.66). ELI has
also appeared in diagnostic studies—for instance, those of the 2020 and 2023 Atlantic hurricane

seasons (Klotzbach, Wood, Bell, et al., 2022; Klotzbach et al., 2024).

Despite their promise, several questions regarding the modern ENSO indices remain to be
fully addressed. For instance, how does the association of modern ENSO indices with core ENSO
phenomena such as central Pacific convection compare with that of the traditional Nifio-3.4 in-
dex? Although relative Nifio-3.4 approximates convection in the Nifio-3.4 area, might some other
weighting (e.g., by precipitation) of the tropical mean SST improve the approximation (Sobel
et al., 2002; Fueglistaler et al., 2015; Izumo et al., 2020)? In the context of Atlantic tropical ac-
tivity, how do the modern ENSO indices compare to Nifio-3.4 in terms of their correlation with
Atlantic tropical cyclone-relevant environmental variables and with measures of seasonal Atlantic
tropical cyclone activity? How far in advance can the modern ENSO indices be skillfully pre-
dicted by current seasonal forecast systems? To date, this question has only been examined for
relative Nino-3.4 (L'Heureux et al., 2024). What are the trade-offs between the strength of ob-
served (simultaneous) relations of ENSO indices with Atlantic tropical cyclone activity and the
level of skill with which the ENSO indices can be predicted in advance? Finally, given the high
level of correlation between the ENSO indices, are detected differences between the indices sta-

tistically significant in any sense?

Here we addressed several of the questions and gaps identified above. We first examined
the correlation of the ENSO indices with central Pacific outgoing long-wave radiation (CP-OLR),
focusing on a previously identified ENSO-related region (L'Heureux et al., 2015) that is highly
correlated with precipitation in the deep tropics (Li et al., 2023, their Figure 3) and exploring al-
ternative weighting of the tropical mean SST. To compare how well the ENSO indices capture
the downstream responses in the ENSO-Atlantic tropical cyclone teleconnection, we computed
their correlation with a tropical cyclone genesis potential index (and its constituent variables) and

with seasonal measures of Atlantic tropical cyclone activity. We assessed the skill of North Amer-
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ican Multimodel Ensemble (NMME) forecasts of August-October values of the ENSO indices
and the skill of the corresponding ENSO-based tropical cyclone activity forecasts, thereby pro-
viding a measure of index utility that includes predictability. We used a rigorous statistical method

in our comparisons.

2 Data and methods

We computed August—October (ASO) values of the ENSO indices in four SST datasets:
ERSSTv5 (Huang et al., 2017), ERAS (Hersbach et al., 2020), HADISST (Rayner et al., 2003),
and COBE2 (Hirahara et al., 2014). Most of the results in the main text use ERSSTv5 and the

period 1979-2024. ENSO indices were computed as follows:

+ Niflo-3.4 is the area-weighted average of SST in the box 170 °“W-120 °W, 5 °S-5 °N;

« relative Nifio-3.4 is the Nifio-3.4 index minus the 20 °S-20 °N tropical mean SST; no rescal-
ing is applied;

« the Pacific zonal gradient is the difference between the eastern Pacific (180 °-80 °W, 5 °S—
5 °N) and the western Pacific (110 °E-180°, 5 °S-5 °N; Watanabe et al., 2021);

» ELI is the average of Pacific basin longitudes 5 °S—5 °N where the SST is greater than or

equal to the 5 °S-5 °N tropical mean SST (Williams & Patricola, 2018).

ASO values of the ENSO indices over the period 1950-2024 are visually similar in all four
SST datasets except for the systematically lower values of the Nifio-3.4 index prior to the mid
1980s (Fig. S1). The lower Nifio-3.4 values reflect the fact that trends in ASO Nifio-3.4 are pos-
itive (1950-2024) or near zero (1979-2024), while trends in the modern ENSO indices are neg-
ative. None of the trends are statistically significant at the 5% level (not shown). However, trends
in the difference of the modern ENSO indices with Nifo-3.4 are statistically significant in all four
SST datasets for both the 1950-2024 and 1979-2024 periods (Fig. S2). Despite their differing
trends and formulations, the pairwise correlation between ENSO indices exceeds 0.92 in all four
datasets for the period 1979-2024. (Fig. S3). Notably ELI, which is a longitudinal measure, has
correlations with Nifio-3.4 that range from 0.96 to 0.98 depending on SST dataset. The pairwise
correlation across datasets of the ENSO indices exceeds 0.97 for the period 1979-2024 which
indicates that the indices over this period are fairly insensitive to the choice of dataset (Figure

S4).
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We computed forecast ASO values of the ENSO indices from the North American Mul-
timodel Ensemble (NMME; Kirtman et al., 2014; Becker et al., 2022). The NMME comprises
seven forecast systems: COLA-RSMAS-CCSM4, COLA-RSMAS-CESM1, CanESM5, GEM5.2-
NEMO, GFDL-SPEAR, NASA-GEOSS2S, and NCEP-CFSv2. We took ASO forecasts from the
period 1991-2024 during which the forecasts (a mixture of real-time forecasts and reforecasts)
are complete. NMME forecasts are nominally initialized on the first of each month (start date).
The shortest lead forecasts have a start date of August 1, and the longest lead forecasts have a
start date of November 1. The multimodel mean forecast is the mean of the ensemble averages

of the individual models.

Emanuel’s genesis potential index (GPI; Emanuel & Nolan, 2004; Camargo et al., 2007)
is a measure of the favorability of environmental conditions for tropical cyclone formation and
was computed from absolute vorticity at 850 hPa, vertical wind shear (magnitude of the vector
difference of the zonal wind at 200 hPa and 850 hPa monthly averages), potential intensity (PI),
and relative humidity at 600 hPa using ERAS data at 0.25° grid spacing (Hersbach et al., 2020).

PI was computed following the Bister and Emanuel (2002) algorithm.

OLR data were taken from the OLR-Monthly CDR Product (Ver03Rev00) available on a
global 2.5 ° latitude x 2.5 ° longitude grid (H.-T. Lee et al., 2007). The CP-OLR index is the av-
erage of values in the box 5 °S—5 °N, 170 °E-140 °W.

Atlantic tropical cyclone data were taken from the International Best Track Archive for Cli-
mate Stewardship (IBTrACS; Knapp et al., 2010; Gahtan et al., 2024). Only June-November data
were considered, and only storm data rated “tropical storm” and greater on the Saffir-Simpson
scale were used. This filtering corresponds to storms with USA_WIND > 35 knots and NATURE
=TS (tropical) and excludes storms classified as disturbance, extratropical, and subtropical. The
measures of tropical cyclone seasonal activity considered are: number of tropical storms, num-
ber of hurricanes reaching category one and higher denoted Catl+, ACE (sum of squared 6-hourly

wind speeds at 0, 6, 12, and 18 UTC). Time series are shown in Figure S5.

Since we compared the correlation of ENSO indices with the same quantity of interest (e.g.,
number of tropical storms), the sample correlations are dependent, and comparison based on Fisher-
transformed correlations is inappropriate (DelSole & Tippett, 2014). Comparing two correlations
is equivalent to comparing the fit of two linear regressions. Therefore, we used the Wilcoxon signed-
rank test to decide the statistical significance of differences in squared regression residuals. The

idea of the test is to form differences of the (paired) squared residuals, compute signed ranks (ranked



173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

189

Correlation of ENSO indices with ASO NOAA CP OLR 1979-2024
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Figure 1. Correlation of ASO CP-OLR with Nifio-3.4 — a x tropical mean SST (blue), Pacific gradient
(orange), ELI (green) during the period 1979-2024 in four SST datasets. Text shows the value of a that max-
imizes the correlation (marked by a dot) along with 95% confidence intervals. Orange and green shading

shows 95% confidence intervals for the Pacific gradient and ELI correlations, respectively.

by absolute value and then signs attached), and sum the signed ranks. Under the null hypothe-

sis that the residuals come from the same distribution, these sums will be approximately the same.
The Wilcoxon signed-rank test is robust to outliers and non-normal distributions, is more pow-
erful than the sign test when the data are symmetric, makes use of the magnitude of differences
unlike the sign test which does not, and for symmetric data effectively tests whether the median

difference between the squared residuals is zero.

We used bootstrap sampling (1000 samples with replacement) to compute 95% confidence
intervals for the correlations of ELI and the Pacific gradient with CP-OLR. To see the roles of
local SST (Nifio-3.4) and nonlocal SST (tropical mean), we followed Swanson (2008) and cor-
related CP-OLR with Nifio-3.4 minus a varying coefficient ¢ X the tropical mean. The traditional
and relative Nifio-3.4 indices correspond to a = 0 and a = 1, respectively. We used bootstrap
sampling to compute 95% confidence intervals for the value of a that gives the strongest corre-

lation of CP-OLR with Nifio-3.4 - a x (tropical mean SST).

3 Results

To examine the strength of association of the ENSO indices with ENSO-related tropical
Pacific convection, we computed the correlation of the ENSO indices with CP-OLR (Figure 1).

In all four SST datasets, the Pacific zonal gradient index has the strongest correlation with CP-
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(a) Correlation of Nino-3.4 with GPI (b) Correlation of Nino-3.4 with shear (c) Correlation of Nino-3.4 with PI

Figure 2. Each column corresponds to one Atlantic environmental variable: GPI (left), vertical wind shear
(middle), and potential intensity (PI) (right). The top row (a—c) shows the correlation with Nifio-3.4 for ASO
1979-2024. Moving down each column, rows 2—4 show the difference in correlation compared to that of
Niflo-3.4 when using (d—f) relative Nifio-3.4, (g—i) Pacific gradient, and (j—1) ELI. The MDR is outlined in
magenta; annotated numbers are MDR averages (correlation in row 1, change in correlation in rows 2—4).

Stippling marks statistically significant (5%) differences.

OLR, closely followed by that of ELI. The Pacific zonal gradient and ELI correlations are nearly
indistinguishable in the HADISST dataset. In all four SST datasets, the a that optimizes the cor-
relation of CP-OLR with Nifio-3.4 — a X tropical mean SST is less than one, and the 95% con-
fidence intervals for the optimal a contain one and do not contain zero, which is evidence that
relative Nifio-3.4 (¢ = 1) has a stronger relation with CP-OLR than the traditional Nifio-3.4
index does. The same qualitative results were seen in the more recent period 1991-2024 (Fig-
ure S6). Correlation maps of Pacific OLR with ENSO indices also show broadly stronger cor-
relations with the modern indices (Figure S7). We used relative Nifio-3.4 (¢ = 1) in the remain-

der of our analysis.

Nifo-3.4 shows negative correlations with GPI across the MDR that extend into the west-

ern portion of the Gulf of Mexico (Fig. 2a). Positive correlations are present to the north of the
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MDR and extend westward from the coast of Africa, where climatologically GPI, ACE, and gen-
esis frequency are relatively low. The modern indices have stronger negative correlations on av-
erage with GPI in the MDR than does Nifio-3.4 (Figure 2), with relative Nifio-3.4 having the great-
est advantage. Stronger relations with vertical wind shear and PI are the leading contributors to

the advantage of the modern indices. The ENSO signal in vertical shear is strongest in 200 hPa
zonal wind, where all the modern ENSO indices have larger MDR average correlations than does
Nifio-3.4 (Fig. S8). Correlations with 850 hPa zonal wind are negative, with a modest edge to

the modern indices, which further contributes to their stronger relation with vertical wind shear.
The correlation gain of the modern ENSO indices in 850 hPa absolute vorticity is slight. 600 hPa
relative humidity is the GPI ingredients with the highest MDR-averaged correlation with Nifio-
3.4, but only relative Nifio-3.4 shows a correlation improvement with it (Figure S9). Relative Nifio-
3.4 has the largest lead of the modern indices over Nifio-3.4 in terms of MDR-averaged corre-

lations of GPI ingredients.

To examine the strength of association of ENSO indices with Atlantic tropical activity, we
computed correlations and scatterplots of the indices with number of tropical storms, number of
Catl+ hurricanes, and ACE (Figure 3). The relative Nifio-3.4 index has higher correlations and
smaller RMSEs than does the traditional Nifio-3.4 index. The advantage of relative Nifio-3.4 over
the traditional index is statistically significant (5% level) for the number of tropical storms and
ACE in all four SST datasets and for Catl+ in two SST datasets at the 5% level and in the remain-
ing two SST datasets at the 10% level (Figs. S10-S12). The years when ASO traditional and rel-
ative Nifio-3.4 anomalies (with respect to the 1979-2024 mean) differed most are the years with
largest (in absolute value) ASO tropical mean SST anomalies. The top four such years are 2023,
2015, 2024, and 1985 (filled circles in Fig. 3). Atlantic tropical activity values for 2024 are closer
to the best-fit line for the modern indices, and in 2023 and 1985 they are also closer to the best-
fit line for relative Nifio-3.4. ELI and relative Nifio-3.4 have nearly the same correlations and RM-
SEs, with p-values slightly favoring relative Nifio-3.4, depending on SST dataset. Although the
Pacific gradient index has slightly larger correlations and smaller RMSE than relative Nifio-3.4,
p-values are mostly larger, indicating less evidence for differences with Nifio-3.4. This outcome

is possible because the signed-rank test uses ranks and rewards consistency.

For June, July, and August starts, individual model and multimodel mean correlation skill
lies below that of persistence for forecasts of all the ENSO indices (Figs. 4a—e). For starts prior
to June, the persistence correlation of the ENSO indices drops sharply due to the spring predictabil-

ity/persistence barrier, and the NMME forecasts have a clear advantage. The skill of tropical mean
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Figure 3. ASO ENSO indices (ERSSTv5) with seasonal number of tropical storms, Cat1+ hurricanes, and
ACE for the period 1979-2024, along with best-fit lines (dashed). Vertical lines to the best-fit line are shown
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modern index (small values favor rejecting).
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Figure 4. NMME correlation skill (target period 1991-2024; ERSSTVS verification) for predicting ASO (a)
Nifio-3.4, (b) relative Nifio-3.4, (c) Pacific gradient, (d) ELI, and (e) tropical mean SST as a function of start
month (November of previous year though August of target year) along with (f) multimodel ensemble mean
(MMM ) skill. Correlation skill for MMM ENSO index-based forecasts of seasonal Atlantic (g) number of
named storms, (h) number of Catl+ hurricanes, and (i) ACE as a function of start month. Pink shading shows
statistically insignificant skill. Dots in panels (f)—(i) indicate statistically significant differences in the skill of

the modern indices compared to that of Nifio-3.4 at the 5% level (filled) and 10% level (open).
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SST forecasts drops off more slowly than that of ENSO forecasts. Two models (CFSv2 and CCSM4;
they share initial conditions) have markedly lower skill in predicting the tropical mean but that
issue does not seem to impact their forecasts of relative Nifio-3.4. In the multimodel mean, cor-
relation forecast skill of the different ENSO indices is fairly similar though the skill for ELI is
significantly lower than that of Nifio-3.4 for August starts (Fig. 4f). From May starts on, relative
Nifio-3.4 and ELI are forecast with significantly higher skill in the multimodel mean than is Nifio-

34.

To evaluate the trade-off between the predictability of ENSO indices and their ability to
capture observed relationships with Atlantic tropical cyclone activity, we computed the corre-
lation of forecast indices with Atlantic tropical storm activity (Figs. 4g—i). The forecast ENSO
indices have statistically significant correlations with Atlantic ACE and numbers of tropical and
hurricanes for starts as early as February. Forecasts of relative Nifo-3.4 and Pacific gradient have
the highest correlation with tropical cyclone activity at most lead times, and their advantage over

Nifio-3.4 is sporadically significant for forecasts of the number of Atlantic tropical storms.

4 Summary and discussion

For over three decades, sea surface temperature in the Nifio-3.4 region has been recognized
as a key measure of ENSO conditions. However, in recent years new ENSO indices have been
proposed that offer potential advantages over the traditional Nifio-3.4 index. The relative Nifio-
3.4 index accounts for tropical warming by using relative SST (local SST minus tropical mean
SST), which provides a theory-based connection to tropical convection. The ENSO Longitudi-
nal Index (ELI) also uses relative SST, but to estimate the average zonal location of tropical Pa-
cific convection. The Pacific SST zonal gradient index directly measures a key element of ENSO’s
coupled atmosphere-ocean dynamics. Here, we compared these three modern indices to the tra-
ditional Nifio-3.4 index, focusing on the relation of their August—October (ASO) values with sea-
sonal Atlantic tropical cyclone activity. We found that the modern ENSO indices outperformed

the traditional Nifio-3.4 index in nearly all aspects.

The modern indices have higher correlations (across four SST datasets) during the satel-
lite era 1979-2024 with three measures of Atlantic seasonal tropical cyclone activity: accumu-
lated cyclone energy (ACE), number of tropical storms, and number of hurricanes (Fig. 3). The
modern indices also show stronger associations during this period with a tropical cyclone gen-

esis potential index (GPI) over the Atlantic (Figure 2). In terms of the environments that appear
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in GPI, the modern indices show an advantage over Nifio-3.4 in terms of MDR-averaged corre-
lation for vertical wind shear (with the strongest contribution from upper level zonal winds), po-
tential intensity, and absolute vorticity. Of the ENSO indices, relative Nifio-3.4 shows the strongest
MDR-averaged correlations with GPI and its constituent environments. Consistent with the en-
hanced response in the Atlantic, the modern indices have stronger correlations with central Pa-

cific convection (Fig. 1).

A challenge in rigorously comparing ENSO indices is their high correlation with each other.
One implication of this high degree of similarity is that the traditional Nifio-3.4 index, despite
its simple formulation, contains nearly the same information as do the modern indices, at least
on average. For instance, the high correlation of ELI with Nifio-3.4 means that more than 92%
of the longitudinal variance of tropical convection represented in ASO ELI is implicitly explained
by the traditional Nifio-3.4 measure of ENSO strength. To compare the correlations of Atlantic
tropical cyclone activity with the modern ENSO indices to that of Nifio-3.4, we noted that com-
paring correlations is equivalent to comparing line fits and applied the Wilcoxon signed-rank test
to decide whether the (paired) squared errors differ systematically more than would be expected
by chance. Figure S13 illustrates the signed rank sums underlying the p-values in Figure 3. The
test results indicate that the advantage of relative Nifio-3.4 over Nifio-3.4 with Atlantic seasonal
tropical cyclone activity (three metrics and four SST datasets) is statistically significant at the 5%
level in 10 out of 12 cases and at the 10% level in the remaining two cases (Figs. 3, S10-S12).
The corresponding numbers of significant results for the Pacific gradient and ELI are two (5%

level) and six (10% level), and five (5% level) and two (10% level), respectively.

For forecast applications, good index performance, i.e., strong relations between simulta-
neous index values and quantities of interest, is insufficient—the index also must be predictable.
Otherwise, the good performance of an index may be undermined by an inability to predict it skill-
fully. The issue of forecast skill is especially relevant for Atlantic tropical cyclone applications
since ENSO forecast skill is relatively low for ASO targets (L’Heureux et al., 2020). We exam-
ined the skill with which the North American Multimodel Ensemble (NMME) predicts ASO val-
ues of the ENSO indices and the corresponding skill of index-based forecasts of Atlantic trop-
ical cyclone activity. We found that at short leads (June, July, and August starts) all the ENSO
indices are forecast with roughly similar skill that fails to match that of persistence. For starts
prior to June, forecasts of the modern ENSO indices have skill that matches or surpasses that of
the Nifio-3.4 index, with forecasts of relative Nifio-3.4 and ELI having significantly higher skill

than that of Nifio-3.4. ENSO index-based forecasts of Atlantic tropical cyclone activity show sta-

—13-



298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

tistically significant correlations for forecasts made as early as February, with relative Nifio-3.4

having the highest correlation at most lead times and ELI and Nifio-3.4 having the lowest.

Although the analysis here has shown advantages of the modern ENSO indices over the
period 1979-2024, there is some reason to speculate that the advantage of the modern indices
might increase in the future. Despite the similarity of ASO values of the ENSO indices, the dif-
ference between Nifio-3.4 and the modern ENSO indices is increasing with time, and that trend
is statistically significant and robust across SST datasets (Fig. S2). This increasing difference might
explain why none of the modern ENSO indices show a particular advantage in terms of their cor-
relation with GPI during the earlier period 1950-1978 (Figs. S14, S15) or with Atlantic tropi-
cal cyclone activity measures over the earlier period (Figs. S16-S19). The weaker relation of Nifio-
3.4 with Atlantic tropical cyclone activity during the pre-satellite era might reflect data quality

issues since correlations with GPI are comparable.

The findings here suggest several potential directions for future research. The performance
of ENSO indices could be compared in other tropical cyclone measures (e.g., intensity and in-
tensification; Klotzbach, 2012; Tippett & Camargo, 2025) and in other basins where ENSO in-
fluences tropical cyclone activity (e.g., western North Pacific). The approaches used here could
be applied to other quantities modulated by ENSO (e.g., North American near-surface temper-
ature and precipitation). ENSO indices and their teleconnections could be compared in model
data where model biases likely are present but where sampling variability can be reduced by in-

creasing ensemble size.

Data Availability Statement

COBE-SST 2 and Sea Ice (COBE2) and NOAA Extended Reconstructed SST V5 (ERSSTV5)
data are provided by the NOAA PSL, Boulder, Colorado, USA, from their website at https://
downloads.psl.noaa.gov/Datasets/COBE2/sst.mon.mean.nc and https://

downloads.psl.noaa.gov/Datasets/noaa.ersst.v5/sst.mnmean.nc, respec-

tively. HADISST data are available at https://www.metoffice.gov.uk/hadobs/hadisst/

data/download.html. The ERAS reanalysis data set (Hersbach et al., 2020) is available at
the Copernicus Climate Change Service, Climate Data Store (2025). The IBTrACS data set (Knapp
et al., 2010; Gahtan et al., 2024) is available from the NOAA National Centers for Environmen-

tal Information (NCEI) (2025). NMME data are available from the IRI Data Library https: //

iridl.ldeo.columbia.edu/SOURCES/.Models/.NMME/. OLR-Monthly CDR Prod-
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Figure S4. Correlation of ASO ENSO indices across four SST datasets 1979-2024.
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Figure S5. Atlantic tropical cyclone activity indices 1950-2024.
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Correlation of ENSO indices with ASO NOAA CP OLR 1991-2024
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Figure S6. Correlation of ASO CP-OLR with Niflo-3.4 - a X tropical mean (blue), ELI (orange), and
Pacific gradient (green) during the period 1991-2024 in four SST datasets. Text shows the value of a that
maximizes the correlation (marked by a dot) along with 95% confidence intervals. Orange and green shading

shows 95% confidence intervals for the Pacific gradient and ELI correlations, respectively.



Correlation of Nino-3.4 with OLR
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Figure S7. Correlation of ENSO indices with ASO OLR 1979-2024 (left) and their differences from the
Nifio-3.4 correlation (right). The CP region is outlined in magenta, and the annotated value is the CP average

correlation. Stippling shows statistically significant (5% level) differences.



(b) Correlation of Nino-3.4 with U850

(c) Correlation of Nino-3.4 with shear

(g) A Correlation (Pacific gradient - Nino-3.4)

(j) A Correlation (ELI - Nino-3.4)

Figure S8. Each column corresponds to one Atlantic environmental variable: 200 hPa zonal wind (left),
850 hPa zonal wind (middle), and vertical wind shear (right). The top row (a—c) shows the correlation with
Nifio-3.4 for ASO 1979-2024. Moving down each column, rows 2—4 show the difference in correlation com-
pared to that of Nifio-3.4 when using (d—f) relative Nifio-3.4, (g—i) Pacific gradient, and (j-1) ELI. The MDR
is outlined in magenta; annotated numbers are MDR averages (correlation in row 1, change in correlation in

rows 2—4). Stippling marks statistically significant (5%) differences.



(a) Correlation of Nino-3.4 with GPI (b) Correlation of Nino-3.4 with RH 600 (c) Correlation of Nino-3.4 with Vorticity 850
AN a\

Figure S9. Each column corresponds to one Atlantic environmental variable: GPI (left), 600 hPa relative
humidity (middle), and 850 hPa vorticity (right). The top row (a—c) shows the correlation with Nifio-3.4 for
ASO 1979-2024. Moving down each column, rows 2—4 show the difference in correlation compared to that
of Nifio-3.4 when using (d—f) relative Niflo-3.4, (g—i) Pacific gradient, and (j—1) ELI. The MDR is outlined

in magenta; annotated numbers are MDR averages (correlation in row 1, change in correlation in rows 2—4).

Stippling marks statistically significant (5%) differences.
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Figure S10. ASO ENSO indices (COBE2) with seasonal number of named storms (left column), Catl+
hurricanes (middle column), and ACE (right column) for the period 1979-2024, along with best-fit lines
(dashed). P-values are shown for the null hypothesis that the relation with Niflo-3.4 is the same (small values

favor rejecting).
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Figure S11. ASO ENSO indices (ERAS) with seasonal number of named storms (left column), Cat1+
hurricanes (middle column), and ACE (right column) for the period 1979-2024, along with best-fit lines
(dashed). P-values are shown for the null hypothesis that the relation with Niflo-3.4 is the same (small values

favor rejecting).
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Figure S12. ASO ENSO indices (HadISST) with seasonal number of named storms (left column), Cat1+
hurricanes (middle column), and ACE (right column) for the period 1979-2024, along with best-fit lines
(dashed). P-values are shown for the null hypothesis that the relation with Niflo-3.4 is the same (small values

favor rejecting).
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Wilcoxon signed-rank test
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Figure S13. Signed ranks (dots) and their sums (text) of the differences of the squared errors for Nifio-3.4
and the modern indices (ERSSTV5) for number of Atlantic storms, Catl+ storms, and ACE. Positive values
indicate smaller squared error for the modern index (purple shading), while negative values indicate smaller
squared error for Nifio-3.4 (green shading). P-values are shown for the null hypothesis that the relation with

Nifio-3.4 and the modern index is the same (small values favor rejecting).
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(b) Correlation of Nino-3.4 with shear (c) Correlation of Nino-3.4 with PI
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Figure S14. Each column corresponds to one Atlantic environmental variable: GPI (left), vertical wind
shear (middle), and potential intensity (PI) (right). The top row (a—c) shows the correlation with Nifio-3.4
for ASO 1950-1978. Moving down each column, rows 2—4 show the difference in correlation compared to
that of Niflo-3.4 when using (d—f) relative Nifio-3.4, (g—i) Pacific gradient, and (j—1) ELI. The MDR is out-
lined in magenta; annotated numbers are MDR averages (correlation in row 1, change in correlation in rows

2-4). Stippling marks statistically significant (5%) differences.
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(a) Correlation of Nino-3.4 with GPI (b) Correlation of Nino-3.4 with RH 600 (c) Correlation of Nino-3.4 with Vorticity 850

|
|
ﬂ

Figure S15. Each column corresponds to one Atlantic environmental variable: GPI (left), 600 hPa relative
humidity (middle), and 850 hPa vorticity (right). The top row (a—c) shows the correlation with Nifio-3.4 for
ASO 1950-1978. Moving down each column, rows 2—4 show the difference in correlation compared to that
of Nifio-3.4 when using (d—f) relative Niflo-3.4, (g—i) Pacific gradient, and (j—1) ELI. The MDR is outlined

in magenta; annotated numbers are MDR averages (correlation in row 1, change in correlation in rows 2—4).

Stippling marks statistically significant (5%) differences.
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Figure S16. ASO ENSO indices (COBE2) with seasonal number of named storms (left column), Catl+
hurricanes (middle column), and ACE (right column) for the period 1950-1978, along with best-fit lines
(dashed). P-values are shown for the null hypothesis that the relation with Nifio-3.4 is the same (small values

favor rejecting).
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Figure S17. ASO ENSO indices (ERAS5) with seasonal number of named storms (left column), Catl+
hurricanes (middle column), and ACE (right column) for the period 1950-1978, along with best-fit lines
(dashed). P-values are shown for the null hypothesis that the relation with Nifio-3.4 is the same (small values

favor rejecting).
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Figure S18. ASO ENSO indices (ERSSTV5) with seasonal number of named storms (left column), Catl+
hurricanes (middle column), and ACE (right column) for the period 1950-1978, along with best-fit lines
(dashed). P-values are shown for the null hypothesis that the relation with Nifio-3.4 is the same (small values

favor rejecting).
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Figure S19. ASO ENSO indices (HadISST) with seasonal number of named storms (left column), Catl+
hurricanes (middle column), and ACE (right column) for the period 1950-1978, along with best-fit lines
(dashed). P-values are shown for the null hypothesis that the relation with Nifio-3.4 is the same (small values

favor rejecting).
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