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Abstract Understanding the relationship between the El Nifio-Southern Oscillation (ENSO) phenomenon
and North Atlantic tropical cyclone (TC) activity is critical for both seasonal predictions and future projections
of TCs. Unfortunately, the satellite observational era (1970-present) captures too few El Nifio events to fully
characterize the response of TC activity to this multivariate, multi-scalar, and non-linear climate phenomenon.
Here we explore ENSO-TC teleconnections using large data sets (>100 k) of synthetic North Atlantic tropical
cyclones simulated for the past millennium using three different climate reconstructions - two earth system
models (Max Planck Institute, Community Earth System Model) and one paleoclimate data assimilation
reconstruction (Last Millennium Reanalysis v2.1). El Nifio events contain different “flavors,” ranging from
canonical events characterized by warming in the Eastern Pacific (EP) to Central Pacific (CP) events with
warming concentrated in the equatorial CP. Each last millennium reconstruction produces different warming
patterns for CP and EP El Nifio events. These differences result in a lack of a consistent response in TC genesis,
track, or intensity during each type of event. In general, El Nifio events suppress storms in the North Atlantic
across models, but the patterns of suppression are largely model dependent. Our work highlights a need for
improving simulations of realistic CP and EP El Nifio sea surface temperature patterns to properly characterize
North Atlantic TC risks in a changing climate.

Plain Language Summary North Atlantic tropical cyclones annually impact coastlines in North
America, the Caribbean, and Central America damaging coastal properties and ecosystems and threatening
human lives. Sea surface temperature warming patterns in the tropical Pacific Ocean known as El Nifio events
act to suppress North Atlantic TC activity. There are different flavors of El Nifio events with warming
concentrated in either the central or eastern Pacific Ocean (called CP and EP events). It is unclear how tropical
cyclones respond to diverse El Nifio warming patterns due to our short observational record of this natural
hazard. We analyze large data sets of North Atlantic tropical cyclones produced using three different climate
simulations of the past 1,000 years. We find that each climate simulation represents ocean warming in the
Pacific differently for CP and EP EI Nifio years. These differing El Nifio warming patterns across simulations
result in a lack of coherent response in the North Atlantic TC patterns. Our results highlight a need for making
improvements in the simulation of El Nifio events across climate models. Without accurate and consistent ocean
warming patterns, it is difficult to understand the response of natural hazards like tropical cyclones to these
climate events.

1. Introduction

North Atlantic tropical cyclones (TCs) pose a substantial risk to populated coastlines in North America, the
Caribbean, and Central America as well as to marine activities and ecosystems. TCs are affected by natural modes
of climate variability that shift oceanic and atmospheric conditions (ocean temperatures, steering winds, etc.)
where storms form and travel (Goldenberg & Shapiro, 1996; Kossin et al., 2010; Ting et al., 2019). Climate
models that contain future warming in the eastern tropical Pacific (El Nifio-like behavior) show different TC
projections for the 21st century compared to models that contain future cooling in the eastern tropical Pacific (La
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Nifia-like behavior) (Lin et al., 2025). Therefore, it is important to understand the response of TCs to changing sea
surface temperatures (SSTs) in the tropical Pacific.

ENSO affects cyclogenesis in the North Atlantic through SST and wind shear feedbacks (Camargo et al., 2007,
Gray, 1984; Lin et al., 2021). A warm-phase ENSO (EIl Nifio) event increases upper-tropospheric westerly winds
and vertical wind shear (VWS) in the tropical North Atlantic, which inhibits the formation and growth of TCs
(Chu, 2004; Goldenberg & Shapiro, 1996). El Nifio events also promote warmer tropical SSTs in the Pacific,
which leads to upper-tropospheric warming (Tang & Neelin, 2004) and cooler tropical relative SSTs in the North
Atlantic, setting up less favorable conditions for TC genesis (Villarini et al., 2010). Relative humidity decreases
during El Nifio years, promoting fewer storms in the Atlantic (Camargo et al., 2007). A cool phase of ENSO (La
Nifia) favors more TC activity in the North Atlantic with weaker VWS and warmer tropical relative SSTs in the
North Atlantic (Lin et al., 2021).

There is substantial variability in the patterns, amplitudes, and centers of maximum warming/cooling during
ENSO events (Capotondi et al., 2015). No two ENSO events are alike, and variations in SST result in atmospheric
forcing that is variable for any given event (Capotondi et al., 2021; Wyrtki, 1975). Typically, ENSO events (see
Capotondi et al., 2015 for a review) are sorted into two specific styles: CP El Nifio events and EP El Nifio events.
Both event types are named for their locus of maximum warming. Based off the short observational interval, a
“canonical” El Nifio event (EP EI Nifio) is characterized by SSTs reaching maximum values along the western
coast of South America and decreasing in magnitude moving westward along the equator (Rasmusson & Car-
penter, 1982). Central Pacific (CP) El Niilos typically have weaker SST anomalies and peak near 180-160°W with
less warming in the EP (Capotondi et al., 2015). There is large natural variability in the frequency of EP or CP El
Niflo events in the context of the last millennium, but the 20th century has seen a shift toward stronger EP El
Niflos (Luo et al., 2022). Model simulations of the 21st century suggest CP El Nifio events will occur more
frequently, and EP EI Nifio events are likely to become stronger (Lee & McPhaden, 2010; Yeh et al., 2009).

Although there is evidence that the structure of ENSO events impacts teleconnections over land (e.g., Ashok
et al., 2007; Larkin & Harrison, 2005a, 2005b), less work has constrained how variable CP and EP SST patterns
affect TC characteristics. Two studies (Mueller et al., 2024; Patricola et al., 2016) explored the connections
between diverse ENSO phases and Atlantic TCs in historical and future climate using TC-permitting dynamical
modeling (e.g., the Weather Research and Forecasting [WRF] model). Patricola et al. (2016) analyzed TC
response to composites of the strongest observed EP and CP El Nifio SST patterns, including an idealized doubled
CP El Nifio SST pattern (Lee & McPhaden, 2010). EP El Nifio SST patterns contributed to more Atlantic TC
suppression than CP El Nifio SSTs of the same magnitude. Increased TC suppression during EP El Nifio years
resulted from circulation changes that enhanced VWS over the Atlantic. This modeling work takes important first
steps toward understanding the dynamical controls affecting TCs during diverse El Nifio events but is limited to
the use of a single climate model (Community Earth System Model, CESM) and idealized SST patterns based on
the brief 20th-century observations. We have not observed enough diverse El Nifio events to fully characterize TC
response to these events in a statistically meaningful way. The 20th century only contains 10 CP El Nifio events
(Yu & Zou, 2013)- all with slightly different characteristics. To robustly analyze how decadal and longer time
scales of climate variability influence TC characteristics, we need more than the available 50 years of
observations.

Here, we use a large ensemble of statistical dynamically downscaled TCs (Sullivan et al., 2025a; Wallace, Dee, &
Emanuel, 2021a, 2021b) spanning the past millennium and present climate (850-2005 CE) using three com-
plementary climate data sets including two earth system model simulations, Max Planck Institute Earth System
Model (MPI-ESM, Giorgetta et al., 2013) and the CESM Last Millennium Ensemble (CESM-LME, Otto-Bliesner
et al., 2016), and a paleoclimate data assimilation product, the Last Millennium Reanalysis (LMR version 2.1,
Hakim et al., 2016; Tardif et al., 2019). All three of these products yield hundreds of thousands of storms con-
current with multiple different mean climate states that span hundreds of unique ENSO events. We test the
hypothesis that CP El Nifio events suppress fewer Atlantic hurricanes than EP El Nifio events (Mueller
et al., 2024; Patricola et al., 2016). We focus on the following questions.

+ How did CP and EP El Nifio events evolve over the last millennium, and how did this impact the frequency of
storms in the North Atlantic?

» What are the spatial and temporal distributions of storm characteristics during CP and EP El Nifio events, as
well as during La Nifia events?
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Figure 1. Workflow for generating statistically downscaled storm sets. Storms are generated from climate simulations of the
past millennium produced using PMIP3 global climate models (GCMs) and a data assimilation reconstruction. “Canonical”
El Nino patterns are shown.

e Do the three last millennium data products—two climate models and one paleoclimate data assimilation
product—show consistent ENSO-TC impacts, or not? What key differences exist, and why?

2. Methods and Data Sets
2.1. Climate Model and Paleoclimate Reanalysis Data Sets

Our workflow (Figure 1) follows two steps: (a) extract relevant climate variables (e.g., SSTs, winds) for the last
millennium from simulations, and (b) run a TC model using these climate variables as input to generate TC tracks
and frequency estimates. We use three data products that simulate or reconstruct last millennium climate: the Max
Planck Institute Earth System Model (MPI-ESM; Giorgetta et al., 2013), the Community Earth System Model-
Last Millennium Ensemble (CESM-LME full forcing ensemble #7; Otto-Bliesner et al., 2016), and the Last
Millennium Reanalysis (LMR v2.1; Tardif et al., 2019). Importantly, MPI and CESM-LME are the only two sets
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of ensemble climate model simulations from the Paleoclimate Modeling Intercomparison Project Phase three
(PMIP3) (Braconnot et al., 2012; PAGES 2k-PMIP3 group, 2015) that provide daily wind data for the last
millennium, critical for running the TC model. We compare our results from each climate model to a coupled
reanalysis product for the last century (CERA-20C; Laloyaux et al., 2018). All data sets and their SST biases are
described in Section S1 in Supporting Information S1.

LMR2.1 is fundamentally different from the two climate models (CESM and MPI) used in this work. It provides a
field reconstruction in which the spatial information is derived from a climate model, but the temporal evolution is
derived solely from paleoclimate proxies at annual resolution (Hakim et al., 2016; Tardif et al., 2019). Thus, LMR
provides a more realistic reconstruction of low-frequency climate variability (Yang et al., 2024). Any externally
forced climate signals contained in LMR emerge only due to the temporal evolution of the paleoclimate data
network, whereas CESM and MPI are transiently forced with last millennium boundary conditions. LMR offers a
closer glimpse into “real” world climate than traditional GCMs (i.e., PMIP3) by integrating paleoclimate proxies
into GCM simulations. To generate the atmospheric inputs needed for downscaling TCs, we coupled an atmo-
spheric GCM (GFDL-AM2.1; GFDL Global Atmospheric Model Development Team, 2004) with SSTs supplied
from combining the observed SST climatology (ERAS; Hersbach et al., 2020) with LMR-based annual SST
anomalies (Sullivan et al., 2025a). The use of the observed SST climatology likely mitigates some of the impacts
of mean-state biases that degrade the simulation of ENSO-TC connections (Vecchi et al., 2014).

2.2. Storm Data Sets

For each reconstruction of the last millennium (CESM, MPI: 850-2005 CE; LMR: 850-1999 CE), we used a
large database (100 storms/year) of synthetic tropical cyclones (Sullivan et al., 2025a; Wallace et al., 2021a,
2021b) generated using a statistically-dynamically downscaled TC model (Emanuel et al., 2006, 2008). Storm
totals for each last millennium simulation include 115,600, 115,600, and 575,000 (115,000 X five ensembles) for
CESM, MPI, and LMR 2.1, respectively (Figure 1). TCs range from tropical storms to Category 5 intensity (wind
speeds from 34 to 135 knots). For a detailed description of the TC downscaling methodology, see Section S2 in
Supporting Information S1.

We compared TC frequency, intensity, and accumulated cyclone energy (ACE; Bell & Chelliah, 2006) during
ENSO years. The annual TC frequency is calculated as a target of 100 surviving storms divided by the number of
storms seeded to achieve this target for each year of the model simulation (i.e., MPI, CESM, LMR), calibrated to
match the observational TC frequency from 1970 to 2005 CE. Accumulated Cyclone Energy for a hurricane
season is calculated as the sum of the squares of the estimated 6-hourly maximum sustained wind speed (knots)
for all TCs while they are at least tropical storm strength. Differences in storm properties across ENSO years were
assessed using a Welch's t-test. For understanding spatial shifts in storms, we also calculated annual genesis
density and track density in a 5 by 5-degree grid. We use a bootstrapping method with 100 samples. We randomly
sample with replacement from CP years only and EP years only to calculate genesis density and track density in
each type of El Nifio year. We applied a Wilcoxon rank sum test (95% threshold) to compare the actual genesis
and track density values with the bootstrapped values to assess the statistical significance of the storm density
patterns.

2.3. Methods for Identifying ENSO Events

El Nifio/La Nifia events are defined with the Nifio 3.4 index. First, a 30-year running mean is removed to calculate
SST anomalies (SSTA). The Nifio 3.4 index is computed using SSTA averaged over the Nifio 3.4 region (5°-
S—5°N, 170-120°W). We define El Nifio (La Nifia) years when the August-September (ASO) Nifio 3.4 index
anomalies exceed +1 standard deviation (—1 standard deviation) (Bamston et al., 1997; Kousky & Hig-
gins, 2007). The standard deviations to define ENSO events for LMR were computed using a 30-year moving
window to account for the reduction of variance in LMR SSTs in the early part of the record (Luo et al., 2022).

Each El Nifio year was sorted into a CP or EP event using the C and E index method (Takahashi et al., 2011). The
“C” and “E” indices are computed with a linear combination of the first two principal components of tropical
Pacific SSTA (30°S-30°N, 120°E—80°W), projecting a 45°-rotated orthogonal coordinate:

C = (PC1 + PC2)N2.E = (PC1 — PC) A2
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Figure 2. Average sea surface temperature (SST) patterns for La Nifia (a, c, e, g) and El Niiio (b, d, f, h) years in August-September-October (ASO) for CERA (a, b),
LMR (c, d), CESM (e, f), and MPI (g, h). Color contours show the SST anomaly in degrees Celsius. Black dashed box outlines the Nifio3.4 region. Note that each data
product spans a different number of years, indicated in figure panel titles.

If the ASO value of the E index is higher in a given El Nifio year than the C index, then that El Nifio year is
categorized as an EP El Nifio year, and vice versa for the CP El Nifio years. CESM, MPI, and LMR contained 123,
101, and 85 EP events, respectively; 47, 72, and 103 CP events, respectively; and 148, 175, and 197 La Nifia
events over the past millennium, respectively.

3. Results
3.1. SST Patterns: El Nino and La Nifna

We examined SST patterns associated with La Nifia, CP El Nifio, and EP El Nifio in all three last millennium data
sets (Figures 2 and 3). For La Nifa (Figure 2), cool SST anomalies in MPI and CESM extend further west
(~150°E) than in the two reanalysis products, CERA and LMR (170°E). The location of the maximum SST
cooling is similar in all models centered around 110-150°W (Figures 2a, 2c, 2e and 2g). For El Nifio, LMR SST
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Figure 3. Same as Figure 2 but for Central Pacific (a, c, e, g) and Eastern Pacific (b, d, f, h) El Niflo years.

anomalies peak in the Nifio3.4 region (black dashed box in Figure 2d). CERA, MPI, and CESM El Nifio SST
anomalies peak slightly east of the Nifio3.4 region (Figures 2b, 2f and 2h). The magnitude of ENSO warming in
CESM is much larger (2—4°C) (Figure 2f) than CERA, LMR, and MPI, which show 0.3-1.5°C warming during El
Niflo events (Figures 2b, 2d and 2h).

3.2. SST Patterns: EP and CP El Niio

The EP and CP patterns identified by applying the C and E index (Section 2.3) to all four data products show
notable differences. CERA shows EP/CP El Nifio SST patterns closer to the “canonical” pattern (Figure 1), with
muted CP warming centered in the Nifio3.4 region (Figure 3a) and a strong EP warming pattern closer to ~110°W
and extending along the South American coastline (Figure 3b). In CESM and MPI, CP events produce a western
bias in the SST anomaly maxima (Figures 3e and 3g). In MPI, CP SST anomalies reach Papua New Guinea. In
MPI and CESM, EP events show distinct patterns of warming from CP events. MPI EP events peak further east
with higher SSTs extending along the South American coastline (Figure 3h); CESM shows EP events with broad
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warming in the Nifio3.4 region extending toward South America (Figure 3f). There are few differences in SST
anomalies between LMR CP and EP events, only larger magnitude warming in the Nifio3.4 region during EP
events (Figures 3¢ and 3d).

The differences in SSTs that emerge across all four data sets highlight the issues of using a binary CP and EP
classification for the LMR data set (Luo et al., 2022). Indeed, the patterns of warming themselves (rather than the
value of index time series) are critical for understanding the impacts on teleconnected regions (Luo et al., 2022,
2023) and on Atlantic TCs (Mueller et al., 2024; Williams & Patricola, 2018).

3.3. The Timing of CP and EP Events Across Models/Pattern of Warming

We evaluated how CP and EP events evolve in the four climate reconstructions, counting the total number of
events in a 50-year moving window (Figure 4). In LMR, CP events are more common than EP events over most of
the past millennium. However, in the last 300 years (1700-2000), LMR climate shifts toward more EP events. In
MPI, there are similar numbers of CP and EP events throughout the duration of the simulation; CP events hover
around approximately three events per 50 years, and EP events at approximately four events per 50 years
(Figure 4b). There are a few multi-decadal periods where EP events dominate in MPI last millennium climate
(e.g., 1550-1600 CE, 1750-1850 CE). In CESM, EP events dominate for the full simulation, with an average of
five EP events and two CP events per 50 years (Figure 4c). All full forcing ensembles of the CESM-LME exhibit a
similar pattern of dominance of EP events compared to CP events (Stevenson et al., 2019). There is large natural
variability in the frequency of EP and CP El Nifio events in all data products, but also interesting tendencies in the
models toward more CP (LMR) or EP (MPI, CESM) events. Like LMR, our modern reanalysis product (CERA)
shows more EP events than CP events over the last century, with a rising number of EP events from 1950 to 2010.
The individual event years in each simulation (un-binned) are plotted in Figure S1 in Supporting Information S1.

3.4. Genesis and Track Density Patterns Across Models

TCs respond differently to EP and CP warming events across climate simulations. In the MPI-ESM climate, CP
years generally produce more Atlantic TCs than EP years. CP warming events correspond to more storms forming
in the tropical Atlantic and Caribbean Sea, making landfall along the North American coastline (Figures 5i
and 61).

LMR 2.1 climate creates very little change in genesis density during EP versus CP El Nino years (Figure 5f). Like
MPI, there are patterns of elevated track density in the southwest Caribbean Sea with more storms making landfall
in Central America and along the Yucatan Peninsula as well as more storms in the northwest Atlantic (Figures 5f
and 6f).

Like LMR 2.1 climate, there is very little difference in genesis density patterns across ENSO years in CESM-
LME (Figure 5i). For track density (Figure 6i), CP years produce fewer storms that form in the eastern trop-
ical Atlantic and recurve into the northwest Atlantic Ocean and more TCs making landfall in the Gulf of Mexico/
Caribbean Sea.

Our reanalysis storm set (CERA-20C) generally shows more storms forming and tracking in the Gulf of Mexico
and along the US East Coast in CP EI Nifio years compared to EP El Nifio years (Figure 6¢). More storms form in
the northwest Atlantic and Caribbean Sea in CP years (Figure 5c), resulting in increased storm landfalls in the
Gulf of Mexico and U.S. Southeast (Figure 6¢). The magnitude of the track density change observed by the
reanalysis storm sets is higher than all three past millennium climate products (Figure 6).

3.5. Accumulated Cyclone Energy (ACE), Intensity, and Frequency

Storm maximum intensity shows no statistically significant change during ENSO years of any type in any of the
three data products (Figures 7d—7f). By contrast, all models show a statistically significant shift in TC frequency:
there are more storms during La Nifia years in the North Atlantic and fewer in El Nifio years compared to all years
(Figures 7g—71). CERA (Figure S2c in Supporting Information S1) and LMR (Figure 7a) produce fewer storms
during EP years compared to CP years, while CESM and MPI shows similar numbers of storms in EP and CP
years (Figures 7b and 7c). The frequency shifts in EP and CP years in CESM and MPI are not statistically
different, and the median frequency values for all El Nifio events are very similar.
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Figure 4. 50-year moving averages for the number of El Nifio events over the past millennium (850-2005) for LMRv2.1 (a), MPI-ESM-P (b), and CESM LME (c). On
each panel, the 50-year running count of El Nifio events in CERA-20C is also shown. El Nifio events are sorted into EP (blue) and CP (red) events.

The ACE index suggests that storms are more destructive in La Nifia years and less destructive in El Nifio years
compared to all years in CESM and LMR 2.1 climate (Figures 7a and 7b). Shifts in ACE values during La Nifia
years for CERA and MPI climate are not statistically significant (Figure 7c, Figure S2a in Supporting Infor-
mation S1). CESM, MPI and LMR all show less destructive storms during EP El Nifio years compared to all years
(Figures 7a—7c).
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Figure 5. Genesis density (5-degree resolution) for synthetic tropical cyclones during Central Pacific (CP) (a, d, g, j) and Eastern Pacific (EP) (b, e, h, k) years.
Difference in genesis density in CP El Nifio years minus EP El Nifio years (c, f, i, 1). All values plotted are statistically significant (0.05 level, Wilcoxon rank sum test).
Results are shown for four different data products: CERA (a, b, c), LMR2.1 (d, e, f), CESM (g, h, i), and MPI (j, k, 1).

3.6. Mean State SST and Deep Convection Across Models

We analyzed the threshold behavior of tropical deep convection with respect to SST in each last millennium
climate product (Figure 8). Deep convection occurs over areas where SSTs are warmest (Waliser et al., 1993) and
SST gradients are weak (Sabin et al., 2013). The climatology for all three simulations shows a clear western
Pacific warm pool and an eastern equatorial cold tongue (Figure 8). Mean state SST and climatological deep
convection show different patterns across climate products. Mean state SSTs in LMR and MPI (Figures 8a
and 8g) are characterized by a western Pacific warm pool (defined using 28°C isotherm) which extends to 155°W
north of the equator and a cold tongue (defined with 24°C isotherm) that extends to ~140°W. In CESM
(Figure 8d), the warm pool extends much further east in the north hemisphere (140°W) than in MPI or LMR
climate, but the CESM equatorial cold tongue has a similar longitudinal extent (140°W) as the other two climate
products.

The SST differences across climate products set up different patterns of deep convection in the mean state. Mid-
tropospheric (500 hPa) vertical motion indicates deep convection along the coast of Papua New Guinea and
concentrated at 160°W in LMR (Figure 8a). In CESM, deep convection is concentrated north of the equator and
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Figure 6. Same as Figure 5 but for track density.

much farther east (100-160°W) than LMR climate (Figure 8d). MPI climatology consists of strong 500 hPa
vertical motion from 140°E to 160°W in the northern hemisphere and along the west coast of Mexico (Figure 8g).

There are not strong differences in SSTs or mid-tropospheric circulation comparing CP years to EP years in LMR.
Both types of El Nifio events result in an eastward shift of the warm pool and a corresponding eastward shift in
deep convection both north of the equator and off the coast of Papau New Guinea (Figures 8b and 8c). MPI
climate produces an eastward shift in the warm pool by approximately 10° in CP El Nifio years. EP El Nifio years
show a similar spatial extent in the warm pool to the mean state. Both EP and CP years produce a southeastward
extension of deep convection in the western Pacific (Figures 8h and 8i). CESM EP and CP years produce a
substantial eastward extension of the western Pacific warm pool with ASO SSTs rising above 28°C across the
entire basin (Figures 8e and 8f). The eastern equatorial cold tongue (defined by the 24°C isotherm) retracts
substantially (reaching 120°W and 110°W in CP and EP years, respectively). In CP and EP years, a zone of deep
convection forms in the western Pacific in the northern hemisphere (140-160°E).

3.7. Dynamical Differences Across Models: Vertical Wind Shear (VWS), Potential Intensity (PI), and
Relative Humidity

We explored the differences in vertical wind shear (VWS—difference between 850 hPa and 250 hPa), potential
intensity (PI) and relative humidity (at 700 hPa) during the peak of the hurricane season (ASO). As expected, in
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Figure 7. Boxplots of accumulated cyclone energy (ACE) index values (ACE), maximum storm intensity (knots), and storm frequency in all years, La Nifia, El Nifio,
Central Pacific El Nifio, and Eastern Pacific El Niflo years for three different climate products (MPI (a, d, g), CESM (b, e, h), LMR (c, f, 1)) for the past millennium
(850-2005 CE). Notches show the 95% confidence intervals for median values.

La Nifia years (Figure 9), VWS is lower throughout the North Atlantic in all three last millennium reconstructions.
Similarly, relative humidity is higher in all data products in the Caribbean Sea (Figure 10). In contrast, P is lower
for much of the North Atlantic during La Nina years in all three data products with a small patch of higher P in the
southern Caribbean Sea (Figure 11). Lower PI corresponds to generally lower SSTs found in the North Atlantic in
all last millennium climate products during La Nina years (Figure 2). The combination of lower VWS and higher
humidity favors storm formation and growth in the North Atlantic during La Nifia years. Changes in all three
variables are more pronounced in the CESM and MPI climate than in the LMR climate (Figures 9-11).

LMR climate shows no appreciable differences in PI, VWS or relative humidity in CP and EP El Nifio years
compared to the background climate (Figures 9-11). MPI climate, on the other hand, indicates higher VWS
(Figure 9h), lower relative humidity (Figure 10h), and lower PI (Figure 11h) in the southern Caribbean Sea during
EP El Nifio years. These conditions are unfavorable for storm formation, potentially explaining the lower track
density (Figure 61) observed in MPI over the southern Caribbean Sea and Gulf of Mexico during EP El Nifio years
compared to CP EIl Nifio years.
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In the CESM climate, both types of El Nifio events promote increased VWS over the southern Caribbean, pro-
moting storm suppression in El Nifio years (Figures 9d and 9g). The extent and intensity of the VWS increase is
larger in EP El Nifio years compared to CP El Nifio years extending throughout the Gulf of Mexico and along the
U.S. East Coast (Figure 9g). Higher VWS in the Gulf of Mexico during EP years explains why there are more
storms forming and tracking in the southern Caribbean and Gulf during CP EI Nifio years within CESM compared
to EP El Nifio years (Figure 61). CESM climate shows similar patterns of high relative humidity over the Main
Development Region (MDR: 10°-20°N, 20°-60°W) during CP El Nifio years and EP El Nifio years, which
encourage TC formation. In CP and EP years, PI in the MDR increased, creating conditions favorable for TCs.
The magnitude and extent of PI increase in the Atlantic is larger during EP years compared to CP years
(Figures 11d and 11g), likely contributing to the relative fewer numbers of storms in CP years in the northwest
Atlantic in CESM climate (Figure 6i). While PI is a necessary component for TC formation and growth, it is not
sufficient. In CESM, the impact of increased VWS over the Gulf of Mexico and U.S. East Coast promote more
storms along the Gulf Coast during CP El Nifio years compared to EP El Nifio year. Similarly, the higher humidity
and PI found in the tropical Atlantic in EP years promotes more storms in the northwest Atlantic (Figure 6i).

4. Discussion

There is a critical need to consider the influence of climate variability on TC risk in long-term planning and
decision-making, such as how and where properties and infrastructure are developed (Gori et al., 2022). Without a
longer record of TCs, we cannot improve our understanding of internal and forced variability in TCs at decadal to
centennial timescales. This paper uses three independent data products spanning at least the last 1,000 years and a

WALLACE ET AL.

12 of 21

85U0|7 SUOWILLIOD aAIERID 8|qeal|dde au Aq peusenob aJe SajoiLe YO ‘8sN JO Sa|nJ Joj ARid17 8UlUQO /8|1 UO (SUOTIPUOD-PUR-SUIB)L0D A8 | 1M Alelq1jpul {UO//SdNL) SUOIPUOD Pue SW.B 1 8y} 88S *[9202/60/y2] Uo Akeiqieulluo |1 ‘9899¥0ar9z0z/620T OT/I0p/woo As|im Aseidjpuljuo'sgndnBe//sdny wo.j pepeojumoq ‘8T ‘9202 ‘96686912



I .¥ell )
A\I Journal of Geophysical Research: Atmospheres 10.1029/2026JD046686
50 CESM La héma - all 50 MPI La Nina - all 50 LMR La Nina - all 4

) %
40 . : 5
5 Q
50 E
B 20 ‘ﬁ‘a, g
® 209 : =
10 (W 2
: 0 -4
-110 -60 -10 -110 -60 -10 110 -60  -10
50 CESM CP E| Nino -all 50 MPI CP EIl Nino - all 50 LMR CP EIl Nino - all 4
40 . 5
0 _—
$ 30
= 0 o
L 20 E
10 2
0 -4
-110 -60 -10 110 -60  -10
50 50 MPI EP El Nino - all 4
40 g
= Q
g %0 g
= 20 ‘g
5 g
10 2
0 - -4
-110 -60 -10 -110 -60 -10 110 60  -10
Longitude Longitude Longitude

Figure 9. Difference in the ASO zonal 850-250-hPa vertical wind shear (m/s) from La Nifia (a, b, ¢), Central Pacific El Nifio (d, e, f), and Eastern Pacific El Nifio (g, h, i)
years minus all years for CESM (a, d, g), MPI (b, e, h), and LMR 2.1 (c, f, i) past millennium climate.

modern reanalysis data set spanning the last 100 years to investigate how the tropical Pacific climate affects
Atlantic TC characteristics. With hundreds of additional realizations of ENSO events, we provide a more robust
sample pool of TC characteristics in response to diverse tropical Pacific patterns and amplitudes. The use of
multiple climate models and paleoclimate reanalyzes allows us to further explore the dependence of our results on
model structural differences, tropical Pacific and Atlantic climate biases, and different representations of mul-
tidecadal variability—all of which give rise to important differences in TC climate.

4.1. Divergent TC Climate in Response to ENSO Flavors

We posed three key questions in this work: (a) How do CP and EP El Nifio events evolve over the last millen-
nium? (b) What are the spatial and temporal distributions of North Atlantic TC characteristics during ENSO
events (CP and EP El Nifio, La Nifia)? (c) Do the three last millennium data products—two climate models and
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Figure 10. Same as Figure 9 but for ASO 700 hPa relative humidity (%).

one paleoclimate data assimilation product—show consistent ENSO-TC impacts? What key differences exist,
and why?

Exploring the SST patterns across the hundreds of ENSO events simulated by our three last millennium climate
products, we found consistent differences in TC characteristics between El Nifio and La Nifia events. La Nifia
years have more frequent and destructive TCs in the North Atlantic (Figure 7). All simulations successfully
capture the appropriate physical mechanisms for the ENSO-TC teleconnection - namely, changes in VWS and
relative humidity in response to shifts in tropical Pacific deep convection. The response of TC characteristics to
La Nifia events was broadly consistent across storm sets for the past millennium even though each data product
contained a different tropical Pacific SST response during La Nifia years (Figure 2). CESM produced the
strongest and most westward shifted tropical Pacific cooling signal (Figure 2e) resulting in much lower VWS in
the Atlantic (Figure 9a). While MPI and LMR do show lower VWS (Figures 9b and 9c¢), this pattern is smaller in
magnitude. All three climate reconstructions showed higher relative humidity in the southern Caribbean during
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Figure 11. Same as Figure 9 but for ASO potential intensity (m/s).

La Nina years (Figures 10a—10c) with MPI climate containing the largest magnitude increase (Figure 10b). PI
generally declined across simulations in La Nifia years (Figures 11a—11c) in response to declines in North Atlantic
SSTs (Figure 2) and is thus unlikely to be a strong contributing factor to the observed increase in TC frequency
and ACE.

There is no consistent response across any of the TC variables we analyzed during CP versus EP El Nifio events.
Both types of El Nifio events suppress storms in the North Atlantic, but the patterns of suppression are model
dependent (Figures 5—7). Track density maps suggest that all last millennium climate products produce a tendency
toward Gulf landfalling storms during CP events compared to EP events (Figure 6). The number and timing of CP
and EP events simulated in all data products also differ widely (Figure 4), with some models showing a pre-
dominance of EP events (e.g., CESM) and others showing more CP events (e.g., LMR).
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The noisy TC characteristics during EP and CP events, and the lack of agreement across the four data products we
analyzed, could be due to many factors, all of which likely culminate in inconsistent TC simulations. First, ENSO
SST patterns are different among all data products (Figures 2 and 3). The tropical Pacific SST pattern funda-
mentally sets the dynamics that produce a TC teleconnection (e.g., relative humidity, VWS, PI, Figures 9-11);
therefore, it is unsurprising that the data products yield different outcomes for CP and EP events. All three past
millennium climate products showed very different loci for tropical deep convection (as indicated by mid-
tropospheric vertical motion). CESM background climate produces the furthest eastward extent of the western
pacific warm pool (Figure 8) and the largest eastward shifts in the warm pool extent during CP and EP EI Nifio's.
Warm pool eastward shifts simultaneously lead to tropical deep convection located further east. Previous work
(Patricola et al., 2016) has shown that an eastward extension of deep convection contributes to stronger VWS in
the tropical Atlantic through changes in the Walker Circulation. Our work indicated a strong VWS response to EP
and CP events in CESM climate. LMR climate showed little change in warm pool or deep convection location
during EP and CP events (Figure 8) and subsequently had the smallest response in North Atlantic VWS (Figure 9).

There are also differences in the frequencies of CP and EP events across data products. MPI has a more balanced
number of CP and EP events, while CESM simulates a larger number of EP events compared to CP (Figure 4).
The total number of events in our sample likely affects our results for each data product and its simulated TC
climate. Finally, ENSO SST pattern differences alone are unlikely to explain all differences in synthetic TC
climates across models and reanalysis products. Other factors, like North Atlantic SST patterns (Patricola
etal., 2014; Ting et al., 2019; Yang et al., 2024) and random variability (Kortum et al., 2024), could contribute to
inter-model differences in TC climate. LMR, a data assimilation product that likely provides a more reliable
reconstruction of internal variability in SSTs and their temporal evolution (Tardif et al., 2019), shows no sig-
nificant differences between CP and EP events.

We are left with a challenging answer to our last question: Do the models show consistent ENSO-TC impacts?
What key differences exist between data products, and why? Without consistent results across models, it is
difficult to propose a framework for using a CP/EP event classification system to better predict TC activity in our
changing 21st-century climate. Indeed, GCM projections suggest EP events will strengthen in a warming climate,
and that CP events may become more frequent (Cai et al., 2018; Shin et al., 2022). Even if we assume these
projections are correct, using these ENSO projections to more accurately project future TC climate may not yet be
possible. Moreover, our analysis of four data products suggests reliance on a single model or reanalysis for TC
projections is likely insufficient.

4.2. Uncertainties in SST Patterns Underpin Uncertainties in Simulations of TC Climate

Documenting the ENSO SST pattern influence on TCs using canonical CP/EP classification systems is chal-
lenging when all three last millennium simulations (MPI, CESM, LMR) yield different CP and EP SST patterns
(Figure 3). We might expect that the three products would yield different storm responses (Figures 5 and 6). Over-
reliance on simple binary classification systems for ENSO flavors can be problematic—especially when applied
to data products beyond historical observations (e.g., Luo et al., 2022; Williams & Patricola, 2018). In LMR, for
example, the SST signature for CP events appears weak in terms of temperature magnitude, but the pattern of
warming is largely the same as EP events (Figures 3c and 3d). Subsequently, our analysis of TCs in LMR shows
little difference in track and genesis patterns between the two types of El Nifio events (Figures 5f and 6f). Previous
work (Mueller et al., 2024) studying TC responses to diverse ENSO events used averaged SST patterns derived
from climate model (CESM) simulations of the historical period (1980-2000) to force storm simulations
(e.g., WRF). However, the CP and EP SST patterns used to force these TC simulations are not fully consistent
with SST patterns from reanalysis SST patterns for ENSO events (Mueller et al., 2024). If all models simulate
distinct CP and EP ENSO patterns, it may be difficult to conclusively tie these two El Nifio flavors to statistically
different TC outcomes.

Climate models and the data assimilation products (which rely on climate models for their spatial pattern) contain
many known biases in tropical Pacific SST patterns. A known bias of data assimilation reconstructions like the
LMR is a reduction in SST variance moving back in time. Proxy networks decrease back in time. As proxy
information decreases, data assimilation reconstructions drift closer to the mean climate model state (Hakim
et al., 2016; Tardif et al., 2019). Thus, the reduced variance in CP and EP SST patterns found in LMR may be due
to proxy network biases. Additionally, many Coupled Model Intercomparison Project Phase 6 (CMIP6) climate
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models contain large cold tongue biases and produce artificial regularity in ENSO event frequencies (Erickson &
Patricola, 2023). The month of peak ENSO response (January vs. December), the month of storm genesis, the
seasonality of ENSO impacts in the Atlantic, and the underlying tropical Pacific SST pattern are all critical for
North Atlantic TC teleconnections (Dong et al., 2021; Wills et al., 2022). All these features are imperfectly
simulated in climate models, and thus it is difficult to disentangle the impacts of these biases on resulting synthetic
TC simulations (Seager et al., 2019; Sobel et al., 2023).

Our work underscores the critical importance of refining climate model projections of future tropical Pacific SST
patterns, specifically changes to El Nifio SST patterns under global warming. Ultimately, it is the future tropical
SST patterns that will alter TC characteristics. Many CMIP6 models project warming in the eastern tropical
Pacific in the 21st century, but this robust warming pattern in climate models is not yet observed (Ceppi &
Gregory, 2017; Cesana & Del Genio, 2021; Coats & Karnauskas, 2017; Fedorov et al., 2020). The correct
simulation of the compounding impacts of ENSO and global warming, and of ENSO SST patterns themselves, is
a necessary first step that limits our ability to study ENSO-TC connections beyond observations. Improving
climate model simulations of ENSO could require incorporating smaller scale feedbacks into models including
TC feedbacks on ENSO. Previous work has shown a positive feedback loop between tropical cyclones and upper
ocean circulation that can help promote and maintain El Nifio conditions in the tropical Pacific (Fedorov
et al., 2010).

4.3. Paths to Improved Simulations of ENSO-TC Connections in a Changing Climate

Here we sort all El Nifio events across four distinct data products into CP/EP-types based on indices. The use of
agnostic classification methods, such as self-organizing maps (e.g., Parsons et al., 2018), could circumvent issues
arising from binary classification systems and, to some extent, climate model biases. Future work could apply
self-organizing maps to isolate similar SST patterns across ensembles of model simulations and observations
instead of forcing each data product to conform to the EP/CP indices. Such unsupervised machine learning ap-
proaches would group physically consistent data from multiple models to reexamine the links between SST
patterns and TC characteristics, perhaps avoiding some model biases.

Our study extends the statistics of ENSO and TC climate over the last millennium. An alternative approach to
studying ENSO diversity in North Atlantic TCs focuses on idealized SST-forcing experiments to isolate the
dynamical response to sustained SST patterns (Mueller et al., 2024; Patricola et al., 2016). Mueller et al. (2024)
used a forced idealized SST pattern derived from a single climate model (CESM) to simulate ENSO impacts on
TC climate. Mueller et al. (2024) found stronger TC suppression during EP years compared to CP years, sug-
gesting that North Atlantic TCs are more effectively suppressed when tropical deep convection is located further
eastward. This work matches with our past millennium results. In particular, the idealized CESM simulations
produced much higher VWS (>10 m/s) during EP events than during CP, leading to greater TC suppression. In
the CESM last millennium data set analyzed here, we also show higher values for VWS during EP events, but the
magnitude of change is smaller (<5 m/s) (Figure 9). Unlike the idealized experiments of Mueller et al. (2024), our
work cannot control for competing Atlantic climate influences on TCs. Our synthetic storm data sets respond to
both ENSO teleconnections and to factors beyond ENSO, such as Atlantic SST variability (Patricola et al., 2014).
Our approach, thus, makes it difficult to isolate ENSO influences on storms but does allow for exploring the
wealth of TC responses that can occur during a wider variety of ENSO patterns (captured over the past mil-
lennium). The VWS response in CESM to EP events may be unique to that model, but it is possible that the
mechanisms linking Atlantic VWS to ENSO are not fully resolved in current-generation climate models. If
ENSO-VWS linkages are biased, improperly represented, or differ across climate models, our ability to capture
TC impacts from diverse SST patterns is severely limited.

The use of idealized SST experiments is limited by the very small number of observed CP events in the satellite
era (6-7), which reduces our confidence in their relevance and similarity to future warming simulations. Mueller
et al. (2024) suggested a need for a suite of global model simulations to be used for statistical downscaling of
storms using multiple climate models from CMIP6 (with CMIP7 forthcoming). The use of more model simu-
lations at higher resolution has the potential to provide more meaningful connections between ENSO SST pat-
terns and North Atlantic TC climate. We also suggest the use of a hierarchy of models used for TC downscaling
based on a single climate model (to isolate the impact of WRF (Mueller et al., 2024; Patricola et al., 2016) versus
statistical dynamical downscaling (Emanuel, 2006; Lee et al., 2020; Lin et al., 2023).
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In summary, there remains much work to do to link observations, theory, and model simulations of ENSO-TC
coupling to generate actionable projections. Our work suggests that inter-model spread in simulating ENSO-
North Atlantic TC teleconnections is large. Our approach characterizes a range of different types of CP and
EP events, each from a different GCM with different SST biases. Perhaps these variations provide reasonable
analogs to nature; either way, we hope that this effort underscores that limitations in our simulation of realistic CP
and EP El Nifio patterns form a critical barrier that needs to be addressed to properly characterize future North
Atlantic TC risks in a changing climate.

5. Conclusions

Constraining the relationship between ENSO and North Atlantic TCs remains an important scientific problem for
improving seasonal storm predictions. The limited number of observational El Nifio events and the diversity of
SST patterns observed during those events make it difficult to constrain the response of North Atlantic TCs to
different tropical Pacific SST patterns. Biases in earth system models, that are transferred to TC downscaling
models, further compound this issue (Sobel et al., 2023). This research examines the role of ENSO diversity on
Atlantic TCs over the last millennium using a set of earth system models and data assimilation reconstructions as
the climate inputs. We used large sets (>100 k) of statistically-dynamically downscaled storms (Sullivan
et al., 2025a; Wallace et al., 2021a, 2021b) to explore shifts in TC intensity, genesis, and track patterns. Our work
shows that all last millennium climate reconstructions can produce an appropriate TC response to the canonical
ENSO cycle (i.e., suppression during El Nifio and enhancement during La Nifia). However, SST patterns for CP
and EP EI Nifios are expressed differently across climate models, leading to distinct ENSO-TC teleconnections.
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