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ABSTRACT

The El Nino—Southern Oscillation (ENSO) influences seasonal Atlantic tropical cyclone
(TC) activity by impacting environmental conditions important for TC genesis. However, the
influence of future climate change on the teleconnection between ENSO and Atlantic TCs is
uncertain, as climate change is expected to impact both ENSO and the mean climate state. We
used the Weather Research and Forecasting model on a tropical channel domain to simulate 5-
member ensembles of Atlantic TC seasons in historical and future climates under different
ENSO conditions. Experiments were forced with idealized sea-surface temperature
configurations based on the Community Earth System Model (CESM) Large Ensemble
representing: a monthly-varying climatology, Eastern Pacific El Nifio, Central Pacific El Nifio,
and La Nifia. The historical simulations produced fewer Atlantic TCs during Eastern Pacific El
Nifio compared to Central Pacific El Nifio, consistent with observations and other modeling
studies. For each ENSO state, the future simulations produced a similar teleconnection with
Atlantic TCs as in the historical simulations. Specifically, La Nifia continues to enhance
Atlantic TC activity, and El Nifio continues to suppress Atlantic TCs, with greater suppression
during Eastern Pacific El Nifio compared to Central Pacific El Nifio. In addition, we found a
decrease in Atlantic TC frequency in the future relative to historical regardless of ENSO state,
which was associated with a future increase in northern tropical Atlantic vertical wind shear
and a future decrease in the zonal tropical Pacific SST gradient, corresponding to a more El
Nifio-like mean climate state. Our results indicate that ENSO will remain useful for seasonal

Atlantic TC prediction in the future.

1. Introduction

Tropical cyclones (TCs) are both damaging and deadly, with $1.387 trillion in damages
and 6,897 deaths in the United States between 1980 and 2023 (Smith, 2022; NOAA, 2024).
Due to the high economic costs and safety threats posed by TCs, there is an urgent need to
improve future projections of TC activity. In order to better project future changes in TC
activity, it can be informative to consider patterns of climate variability that create seasonal
anomalies in the necessary ingredients for TC genesis, including warm sea surface
temperatures (SSTs), a moist mid-troposphere, atmospheric instability, and weak vertical wind
shear. One major influence on seasonal TC activity in several basins is the El Nifio—Southern

Oscillation (ENSO) (e.g., Lin et al. 2020) — the leading mode of tropical climate variability.
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The positive phase of ENSO, or El Nifio, is characterized by warm sea surface temperature
anomalies (SSTAs) in the central-eastern equatorial tropical Pacific, whereas the negative
phase, La Nifia, is characterized by cool SSTAs in the same region. Along with these SSTAs,
ENSO also causes fluctuations in the Walker Circulation (Bjerknes, 1966), the large-scale
zonal and vertical atmospheric circulation over the tropics, by shifting the location of deep
convection in the tropical Pacific and altering tropical upper-tropospheric and lower-

tropospheric zonal winds.

ENSO’s modulation of the Walker Circulation — through shifting the location of tropical
Pacific deep convection and changing lower- and upper-level winds — impacts vertical wind
shear, relative humidity, and instability over the Atlantic TC genesis region. Many studies have
found that compared to La Nifia and ENSO neutral conditions, El Nifio events drive a decrease
in the frequency and intensity of Atlantic TCs by increasing Atlantic vertical wind shear (e.g.,
Gray 1984; Goldenberg & Shapiro, 1996; Bove et al., 1998; Landsea et al., 1999; Pielke &
Landsea, 1999; Smith et al., 2007; Klotzbach et al., 2017, Lin et al., 2020). This relationship
between El Nifio and Atlantic vertical wind shear exists due to warm SSTAs in the equatorial
eastern-central Pacific, which shift tropical Pacific deep convection eastward, causing upper-
level westerly wind anomalies and increased vertical wind shear over the Atlantic TC main
development region (e.g., Horel & Wallace, 1981; Hoerling & Kumar, 2002). Likewise, La
Nifia enhances Atlantic TC development by weakening vertical wind shear in the Atlantic. In
addition, instability and relative humidity, two other factors important for Atlantic TCs,
decrease during El Nifio (Camargo et al., 2007a) due to anomalous upper-tropospheric
warming (Chiang & Sobel, 2002; Tang & Neelin, 2004), which also stems from a shift in the

Walker Circulation.

To fully explain ENSO’s influence on Atlantic TCs, we must consider variations in the
spatial patterns of SSTAs during El Nifio events, often referred to as ENSO diversity (e.g.,
Capotondi et al., 2015a; Timmermann et al., 2018; Capotondi et al., 2020). These variations in
El Nifio events are often categorized into two groups, known as Eastern Pacific El Nifio and
Central Pacific El Nifio (or El Nifio Modoki) (Ashok et al., 2007; Kao & Yu, 2009). Eastern
Pacific (EP) El Nifio is characterized by maximum SST warming in the eastern tropical Pacific,
whereas Central Pacific (CP) El Nio is characterized by maximum SST warming in the central
tropical Pacific, with SSTAs tending to be stronger during EP El Nifio compared to CP El Nifio.
A third “mixed El Nifio” category was introduced to account for El Nifio events that share

attributes from both categories (Kug et al., 2009; Ashok et al., 2012), as CP and EP El Nifio do
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not represent the full spectrum of spatial patterns of SSTAs. As described above, tropical
Pacific deep convection shifts eastward and strongly impacts upper-tropospheric winds during
El Nifo; the nature of this response depends on both the magnitude and location of the SSTAs
and, therefore, depends on the type of El Nifio event (Patricola et al., 2016). La Nifa, on the
other hand, has a relatively smaller longitudinal shift in deep convection (Kug et al., 2009; Kug
& Ham, 2011; Ren & Jin, 2011). Although the differences in spatial patterns of SSTAs during
El Nifio events tend to be more pronounced during ENSO’s boreal winter peak, compared to
the hurricane season’s boreal autumn peak, ENSO diversity is nonetheless important in
modulating the zonal shifts in tropical Pacific deep convection that influence Atlantic hurricane

seasons (Patricola et al. 2016).

ENSO diversity can substantially modulate the teleconnection between ENSO and Atlantic
TCs in the present climate, as found in climate simulations forced with observed SST patterns
characteristic of the different El Nifo types (Patricola et al., 2016). The climate model
simulations demonstrated that CP El Nifio suppressed Atlantic TCs, but was less effective at
doing so than EP El Nifio for magnitudes of SST warming corresponding to strong observed
events (i.e., stronger warming for EP El Nifo compared to CP El Nifo). The response in
Atlantic TCs was driven primarily by changes in vertical wind shear, with secondary
contributions from relative humidity. Note that this is similar to the reanalysis-based findings
of Camargo et al. (2007b) in that wind shear and relative humidity are important contributors
to ENSO’s influence of Atlantic TCs. Camargo et al. (2007b) found that relative humidity was
the most important factor, but we note that older reanalysis data such as the NCEP/NCAR 1
(Kalnay et al. 1996) used in their study has large uncertainty in relative humidity estimates.
The strength of the wind shear and humidity responses were related to the zonal shifts in
tropical Pacific deep convection and the Walker Circulation, which depended on the magnitude

and location of the SSTA forcings.

A major gap in our understanding of the ENSO-TC teleconnection is how ENSO’s
influence on seasonal Atlantic TC activity in the historical climate may be altered by future
greenhouse gas emissions (Lin et al., 2020), potentially through changes in ENSO (including
frequency, intensity, and diversity), as well as through changes in the tropical Pacific SST
climatology associated with mean climate change, including possible changes in tropical
Pacific zonal SST gradients. Projecting future changes in ENSO is a challenge, as there is no
agreement on future change in ENSO frequency, amplitude, subsurface ocean temperatures,

and ENSO diversity (e.g. Ashok et al., 2007; Yeh et al. 2009; Collins et al., 2010; T. Lee &
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McPhaden, 2010; Kug et al., 2012; Kim and Yu, 2012; Stevenson, 2012; Yeh et al., 2014;
Zheng et al., 2016).

One major reason for this lack of agreement in changes in ENSO involves uncertainty in
the future of the tropical Pacific zonal SST gradient (e.g., Seager et al., 2019; S. Lee et al.,
2022). Part of this uncertainty stems from coupled global climate models (GCMs) suffering
from substantial biases in climatological SSTs in the eastern tropical Pacific (Richter, 2015;
Zuidema et al., 2016). The occurrence of these biases in the ENSO region can directly impact
simulated ENSO variability (e.g., Capotondi et al., 2015b) and can influence future projections
of ENSO (Tang et al., 2021). Along with these GCM biases, state-of-the-art climate models,
such as those participating in the Coupled Model Intercomparison Project Phase 5 (CMIP5)
and Phase 6 (CMIP6), produce a general agreement that the mean tropical Pacific zonal SST
gradient will weaken (that is, become more El Nifio-like) in the future (An et al., 2008; Cai et
al., 2015; Fredriksen et al., 2020; Erickson et al., 2023), even though recent observations
suggest the opposite has been occurring (Seager et al., 2019; Zhao & Allen, 2019). This
discrepancy between the recently observed La Nifia-like trends and the future projections of El
Nifio-like trends has caused uncertainty in future ENSO projections (e.g., Seager et al., 2019;
Tang et al., 2021), as the reliability of the GCMs has been questioned due to their large biases
in the eastern Pacific cold tongue. Given the complexity of simulating ENSO and the
uncertainty of how model biases may impact future ENSO projections, substantial uncertainty

exists regarding how ENSO may change in the future.

Along with the uncertainty in future changes in ENSO, there is also uncertainty in how
greenhouse gas (GHG) emissions have influenced North Atlantic TC frequency (e.g., Knutson
et al. 2019) and will influence it in the future (e.g., Pielke et al. 2005; Bengtsson et al., 2007,
Gualdi et al., 2007; Garner et al., 2009; Knutson et al., 2010; Knutson et al., 2020). Notably,
understanding the controls on global TC frequency remains an elusive problem for which there
is no theory (Sobel et al., 2021). As for TC intensity, there is better agreement that TCs will
become stronger in the future (e.g., Bengtsson et al., 2007; Elsner et al., 2008; Knutson et al.,
2010; Yu et al., 2010; Zhao & Held, 2010; Walsh et al., 2016; Knutson et al., 2020).

An important key to projecting future changes in Atlantic TC activity lies in understanding
how the current ENSO-Atlantic TC teleconnection, as well as ENSO itself, may change with
GHG emissions. This multifaceted problem is split into three questions: (1) How will GHG

emissions impact ENSO? (2) How will GHG emissions impact climatological Atlantic TC
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frequency and intensity? (3) How will the existing teleconnection between ENSO and Atlantic

TCs change in the future?

The primary focus of this paper is to understand how the current teleconnection between
ENSO and Atlantic TCs could change in the future. Given that environmental conditions
important for TC genesis (e.g., vertical wind shear) may be altered by future changes in ENSO
and the mean climate, it is possible that the ENSO-TC teleconnection could change with a
changing climate; this is especially the case given the importance of thresholds in the response
of TCs to vertical wind shear (Tao and Zhang, 2014). We will also work towards addressing
how ENSO may change in the future and how Atlantic TC activity may change in association
with mean-climate change irrespective of ENSO. Here, we performed simulations using the
Weather Research and Forecasting (WRF) model to simulate how seasonal Atlantic TC activity
responds to different phases of ENSO in historical and future climates. We used the
Community Earth System Model 1 (CESM1) Large Ensemble (LENS; Kay et al., 2015) to
create idealized SST patterns representing the different phases of ENSO in both climate states.
We used SST data from a large 35-member ensemble, rather than multimodel ensembles such
as CMIP6 which tend to have relatively few ensemble members from each model, in order to
have sufficient sample sizes of ENSO events. Large ensembles also are best suited to quantify
future changes in ENSO, as internal variability is large compared to future anthropogenic
changes in ENSO (Maher et al., 2018; Zheng et al., 2018; J. Lee et al. 2021). This paper first
investigates future ENSO projections in CESM LENS and then uses CESM LENS to create
SST forcings representative of various ENSO patterns. We then ran WRF experiments and
analyzed Atlantic TC frequency and intensity during ENSO events in the historical climate.
We evaluated the influence of future changes in the mean climate state on Atlantic TCs before
finally investigating possible changes in the teleconnection between ENSO and Atlantic TCs
by comparing historical and future simulations forced by idealized ENSO scenarios.
Developing an understanding of the influence of climate change on the ENSO-Atlantic TC
relationship addresses a major knowledge gap identified by the scientific community (Lin et

al., 2020).

2. Data

a. Observational Datasets
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Observed SST is based on the Extended Reconstructed Sea Surface Temperature Version
5 (ERSSTvS), which has global, monthly data from 1854 to present at a resolution of 2.0°
latitude x 2.0° longitude (Huang et al., 2017). We used ERSSTVS to identify observed ENSO

events and to serve as the basis for the model bias correction.

The initial, surface boundary, and lateral boundary conditions for the WRF historical
climate simulations were based on the 6-hourly, 2.5° latitude x 2.5° longitude resolution

National Centers for Environmental Prediction (NCEP-II) reanalysis (Kanamitsu et al., 2002).

Observational TC data were obtained from the Atlantic hurricane database (HURDAT?2;
Landsea and Franklin 2013) as archived in the International Best Track Archive for Climate
Stewardship (IBTrACS, Knapp et al., 2010). HURDAT?2 extends from 1851 to present and
includes six-hourly location and intensity information. HURDAT?2 has a potential low bias in
the pre-satellite era (before 1966 in the North Atlantic) due to observational limitations, which
must be considered when investigating TC trends (Vecchi and Knutson 2008, 2011; Vecchi et
al. 2021).

b. CESM Large Ensemble Data

SST forcings and future climate change perturbations for the WRF simulations were
constructed from the Community Earth System Model Large Ensemble (CESM LENS; Kay et
al., 2015). CESM LENS is a set of coupled atmosphere-ocean climate model simulations
performed with the nominal 1° latitude/longitude version of CESM version 1. CESM LENS
has 40 ensemble members and covers the years 1920-2100, with the Representative
Concentration Pathway 8.5 (RCP8.5) used for future climate simulations from 2006-2100. We

used 35 ensemble members, which included the data accessible at the time of this study.

3. Methods

a. ENSO Index

To identify ENSO events, we used the ENSO Longitude Index (ELI), which can capture
ENSO diversity by estimating zonal variations in tropical Pacific deep convection associated
with ENSO (Williams & Patricola, 2018). ELI is calculated for each month by: (1) calculating
the tropical-average SST (i.e., convective threshold), (2) identifying which points in the
tropical Pacific meet or exceed the tropical-average SST, and (3) calculating the average

longitude for the points that satisfy the second condition (Williams and Patricola, 2018). This
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index was chosen over other ENSO metrics, such as the Nifo 3.4 index, as ELI is unique in
capturing ENSO diversity in one index, whereas Nifio 3.4 is unable to capture ENSO diversity
due to its construction (SSTA over a fixed region). In addition, ELI has demonstrated value in
operational seasonal Atlantic TC prediction (Klotzbach et al. 2022). Since ELI represents the
longitude of tropical Pacific deep convection, it captures the most important difference between
each ENSO state that causes the teleconnection with Atlantic TC frequency. Although ELI
does not directly measure SSTA strength, ELI and the Niflo3.4 index are strongly correlated
during the August-October Atlantic hurricane season peak (R = 0.91 over the period 1950-
2022). In addition, ELI is able to distinguish between EP and CP El Nifio events during boreal
summer, as shown in Figure 1b from Williams and Patricola (2018). An important difference
between ELI and the Nifo3.4 index is that ELI more clearly identifies extreme El Nifio events
during boreal winter (Fig. 1a from Williams and Patricola, 2018), where an extreme El Nifio
event is one characterized by both strong SSTAs and a strong eastward shift in tropical Pacific
deep convection. In addition, the Nifio3.4 index quantifies SSTAs but is not designed to

capture zonal shifts in deep convection.

b. Regional Climate Model Simulations

We performed regional climate model simulations using the Weather Research and
Forecasting (WRF) model, version 4.3.3 (Skamarock et al., 2019). The WRF simulations used
an atmosphere-only model in order to prescribe ENSO conditions and to mitigate basin-scale
SST biases that can cause errors in simulations of TCs (Hsu et al., 2019). SSTs were prescribed
from CESM LENS data, as explained in section 3.b.2. The WRF experiments use a 27 km
resolution tropical channel model (TCM) domain that covers 30°S to 50°N around the globe
(Fig. 1), with 48 vertical layers from the surface to 50 hPa and a 60 second time step (Patricola
etal., 2016; Fu et al., 2019). This resolution is high enough to represent TCs and allows a large
domain suitable for capturing the influence of ENSO on the Atlantic. We note that at 27 km,
the model struggles to simulate intense TCs (Category 3 and stronger), as expected given the
resolution (Davis, 2018).

The initial, lateral boundary, and land surface boundary conditions were based on the 6-
hourly NCEP-II reanalysis data from 1989, a year characterized by a near-neutral phase of the
Atlantic Multidecadal Oscillation (AMO), to minimize potential influences of the mid-latitude
lateral boundary conditions (LBCs) on the simulation (Patricola et al., 2016). This was done

because the AMO has a substantial influence on Atlantic TC activity (Goldenberg et al. 2001;
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Bell and Chelliah, 2006). Previous research has found little sensitivity to the year selected for
LBCs for TCM simulations involving TC applications (Patricola et al., 2016). The simulation
length was from May 1 - December 1, which was chosen to include the Atlantic hurricane
season (June 1 - November 30), along with an additional month for model spin-up. Each of the
five ensemble members per experiment was made under the same GHG concentrations and
SST forcings, with slightly different initial conditions created by starting the runs on different
days (May 1 through May 5). The experiments were limited to five ensemble members due to
computational expenses; however, this ensemble size is suitable for such applications (J. Lee
et al., 2021) and was sufficient to reveal climate change responses. The model
parameterizations are consistent with the TCM configuration from Patricola et al. (2014) and

were chosen for their ability to reasonably reproduce TC frequency at 27 km resolution.

15°S B PSP FOTMP oo AR ey
20% : : : : : :

120 °E 180° 120°W 60°W 0° 60°E
Fig. 1. Domain used in the WRF simulations (30°S -50°N, 180°E-180°W).

Climate SST Forcing ELI Values Number of Years in
State SST Composite
Historical Climatological - 735

Historical Central Pacific El Nifio | 175°E-180°E 36

Historical Eastern Pacific El Niio | East of 190°E 6

Historical La Nifia West of 160°E 66

Future Climatological - 735

Future Central Pacific El Nifio | 175°E-180°E 56

Future Eastern Pacific El Nifio | East of 190°E 17

Future La Nina West of 160°E 181

Table 1. Summary of WRF experiments performed, including climate state (historical, 1980-2000 and
future, 2080-2100), SST forcing, ELI values used to categorize the ENSO SST forcings, and number
of years in each SST composite (out of a possible 735 total years).
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Greenhouse Gas Historical Future
Carbon dioxide (CO») 354 ppm 845 ppm
Methane (CH4) 1723 ppb 3640 ppb
Trichlorofluoromethane (CFC-11) | 265 ppt 357 ppt
Dichlorodifluoromethane (CFC-12) | 497 ppt 196 ppt
Nitrous oxide (N20) 308 ppb 421 ppb
Chlorodifluoromethane (CFC-22) 169 ppt 143 ppt
Carbon tetrachloride (CCl4) 104 ppt 93 ppt

Table 2. Greenhouse gas concentrations prescribed in the historical and future climate WRF
simulations, with units in parts per million (ppm), parts per billion (ppb), or parts per trillion (ppt).

1) CLIMATE SCENARIOS

We performed experiments representing two climate states, namely a historical (1980-
2000) and a future (2080-2100) climate (Table 1), with each climate state including four
prescribed ENSO conditions discussed in the next section. For the historical climate, LBCs
were based on 6-hourly NCEP-II reanalysis, whereas SSTs were prescribed using ENSO
composites developed from the CESM LENS over 1980-2000 (see section 3.b.2). For SSTs,
21 years were sufficient to represent 95% of the internal variability of ENSO (Mabher et al.,
2018), considering the use of 35 ensemble members. The GHG concentrations for the historical
climate (Table 2) were prescribed according to the World Data Center for Greenhouse Gases
(Tsutsumi et al., 2009) and the Carbon Dioxide Information Analysis Center (Bullister et al.,
2015).

The future climate simulations were created using the pseudo-global warming approach
(Schiér et al. 1996) for the LBCs and initial conditions, with prescribed bias-corrected SSTs.
Specifically, the 1989 NCEP-II reanalysis data were used for the initial, lateral, and surface
boundary conditions, but with additional climate change differences, or deltas, prescribed to
the temperature, pressure, and humidity-related variables. The deltas were created by
calculating the difference between the future climate (2080-2100) and the historical climate
(1980-2000) CESM LENS data, and accounted for spatial (horizontal and vertical) and
seasonal variations in the future change. SSTs were prescribed from the CESM LENS, with
forcings created using the years 2080-2100. The pseudo global warming approach for the LBCs
and initial conditions creates a future climate that has a realistic estimation of the mean state,
while using SSTs from CESM LENS allows us to account for potential changes in ENSO’s

spatial patterns and magnitude. The RCP8.5 emissions scenario was used to represent GHG
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concentrations at the end of the twenty-first-century (Table 2; Riahi et al., 2011). RCP8.5 is
the high-end estimate for global mean temperature increase by the end of the twenty-first
century and represents what are currently considered to be the potential maximum impacts of

climate change in the next century.

2) SST FORCINGS

We performed WRF experiments using SST forcings representing four different ENSO
conditions, including monthly-varying climatological SST (neutral ENSO), Central Pacific El
Nino, Eastern Pacific El Nifno, and La Nifia, in each of the historical and the future climates

(Table 1). These SST configurations were created with the CESM LENS data.

The climatological monthly SSTs were calculated by first creating the monthly averages
for each climate state (1980-2000 and 2080-2100) using all 35 ensemble members and then
subtracting the model biases from them. The model bias was calculated by taking the CESM
climatological monthly average of 1980-2000 and subtracting the ERSSTvS5 observed monthly
average SSTs of the same years. We used the SST bias of the historical period for the future
period, which assumes that the bias is unchanged in the future. We note that this procedure
corrects only for mean-state SST biases, which is relatively straightforward, and does not

correct for any biases in ENSO characteristics and variability.

The SST patterns for each of the three ENSO states in both the historical (Fig. 2b, e, and h)
and future climates (Fig. 2c, f, and 1) were calculated using composites of SSTs based on ELI.
In particular, ENSO events were identified based on ELI averaged over August, September,
and October (ASO) for each simulated CESM LENS year, to represent the peak hurricane
season when the teleconnection between ENSO and Atlantic TCs is strongest. We note that
while the ASO average was used to identify ENSO events, the SST forcings use the monthly
SST. This choice does not change the sample size of events. We used the 10™ (west of 160°E)
and 90" (east of 175°E) percentile ELI values from ERSSTV5 observations over 1854-2020 to
define the ENSO state (La Nifia and El Nifio, respectively). The range of ASO ELI values in
CESM LENS was roughly 175°E-200°E for El Nifio and 155°E-160°E for La Nifa. For our
final SST configurations prescribed to WRF, we used the ASO ELI bin that was west of 160°E
to represent La Nifia, the ASO ELI bin 175°E-180°E to represent Central Pacific El Nifio, and
ASO ELI east of 190°E to represent Eastern Pacific El Nifio. The extremes of ELI were chosen
to represent the range of ENSO diversity. We note that the ELI values typical of El Nifio and

11
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La Nifia events depends on the season, therefore, different values are used to identify ENSO
events in ASO compared to December-February. We chose to define the Eastern Pacific and
Central Pacific El Nifio events with a gap in ELI of 10 degrees of longitude in between, to
clearly capture the two distinct patterns. The events with ELI in between tended to correspond
to mixed El Nifio events with warm SSTAs in both the Eastern and Central Pacific. This mixed
El Nifio pattern was not used as forcing for WRF simulations in this study due to the primary
focus on the Eastern Pacific El Niflo and Central Pacific El Nifo events, as well as
computational limitations. We suspect that the mixed El Nifio pattern would have produced

results in between those from the Eastern Pacific and Central Pacific El Nifio events.

Each of the events from all of the ensemble members categorized in each ELI bin were
averaged to create a monthly SST composite representing each ENSO state. We note that the
ENSO SST forcings were applied only over the Pacific basin; all other basins were prescribed
the monthly SST corresponding to the climatology for the given climate state (i.e., historical
or future). This was done to control the SSTs, such that ENSO was the only major SST pattern

changing between each experiment. The SSTs were corrected for the monthly model bias.

The SSTA composites for ENSO events from the historical CESM LENS simulations (Fig.
2b, e, and h) reasonably capture the patterns expected based on observations (Fig. 2a, d, and
g). There are some relatively minor differences between the observed and CEMS LENS
historical SSTAs, with stronger SST cooling (warming) during historical La Nina (EP and CP
El Nifio) and maximum EP El Nifio SSTAs shifted slightly from the East Pacific toward the
Central Pacific in CESM compared to observations. Furthermore, the SSTA composites for
ENSO events in the future CESM LENS simulations retain the signatures of the corresponding
historical events. We emphasize that the SSTAs alone do not fully represent the strength of

ENSO events, which also depend on changes in the mean-state SST.

3) TC TRACKING

We tracked simulated Atlantic TCs every 6-hours using the algorithm of Walsh (1997),
which included criteria that the system must have a warm core, be a closed-off low, have a 850
hPa mean wind speed greater than the 300 hPa mean wind speed, have a minimum 10-meter
wind speed of 17.5 ms™!, and an additional requirement that TCs last longer than two days to
avoid minor disturbances influencing results. These requirements detect systems that meet the

standard to be considered at least a tropical storm. Accumulated Cyclone Energy (ACE; Bell
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et al., 2000) was also calculated for each TC and then summed for each season by adding all
of the squared 6-hourly maximum 10-meter wind speeds together for each TC over the whole
season and dividing by 10,000. ACE (10* kt?) was calculated because it is a more

comprehensive metric for TC activity that considers TC number, intensity, and duration.

ASO SSTA CESM LENS vs ERSST (1965-2020)
(b)

[EEERE

s § ¥ ¥R Y

§

g 8

Fig. 2. Aug-Oct SSTAs (°C) from composites of (top) La Nifia, (middle row) CP El Nifio, and (bottom)
EP El Nifo events from the ERSSTv5 observations over (left) 1965-2020, (middle column) the CESM
LENS historical simulation and the (right) CESM LENS future simulation. The observed composites
included 1973, 1975, 1988, 1998, 1999, 2010, 2016, and 2020 for La Nifia, 1965, 1972, and 1982 for
CP El Nifo, and 1997 and 2015 for EP El Nifio.

4. Results

a. ENSO and Mean-state SST in the CESM LENS

We first compared ENSO during ASO in the historical CESM LENS with observations to
determine any model biases. The LENS historical simulations reproduced the frequency of El
Nifio events reasonably well while doubling the frequency of La Nifia events compared to
observations, which is apparent in the ELI distribution and histograms (Fig. 3a and c). In
addition, although the LENS reproduced the frequency of observed El Nifio events well, the
LENS simulated El Nifio events with stronger magnitudes than observed. We also compared
composites of SSTAs for El Nifio and La Nifia events from the CESM LENS historical
simulations (Fig. 2b, e, and h) and observations (Fig. 2a, d, and g) and found that the SSTAs
are reasonably similar between the two, albeit with stronger SSTAs in LENS than in

observations.
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Having evaluated how well the CESM LENS historical simulation represents observed
ENSO frequency and magnitude, we then investigated how the CESM LENS projects ENSO
to change in the future. We found that the CESM LENS projects a substantial increase in the
number of extreme ENSO events during ASO, similar to the projected change during boreal
winter (Williams and Patricola, 2018), along with a change in the mean state toward more El
Nifio-like conditions (Fig. 3b and c). This shift to more El Nifio-like conditions is consistent
with the future SST warming pattern in CESM LENS, with greater warming over the Eastern

Pacific cold tongue than in the surrounding areas (Fig. 4c).

ELI Distributions ELI
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Fig. 3. Histograms showing Aug-Oct averaged ELI (°E) from (a) ERSSTv5 observations (red) over the
years 1854-2022 compared to CESM LENS over the years 1980-2000 and from 35 ensemble members
(blue), and (b) CESM LENS over the years 1980-2000 (blue) compared to CESM LENS over the years
2080-2100 (yellow). The two lines represent the ELI values used to characterize either El Nifio or La
Nina. The boxplot (¢) compares the Aug-Oct ELI (°E) values from ERSSTv5 observations and the
CESM LENS historical and future simulations, with x representing the average.
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Fig. 4. Climatological Aug-Oct SSTs (°C) from the (a) historical CESM LENS simulation over 1980-
2000, (b) future CESM LENS simulation over 2080-2100, and (c) the difference between the future
minus the historical simulations. The SSTs represent the mean-state prescribed for the historical and
future WRF simulations.

b. Influence of ENSO on Atlantic TCs in the Historical Climate

We compared TC activity in the WRF historical simulations with observations to gauge
how well the model represents TC activity and its response to ENSO. Overall, the WRF
historical climatology simulation produced more Atlantic TCs than observations, with 59%
more Atlantic TCs and 18% more ACE per year than the observed climatology (Table 3). The
bias in the TC count was greater than the bias in ACE, which is likely associated with the
inability of the model to represent intense TCs due to its resolution. We note that despite the
lack of intense TCs (category 4 and 5 hurricanes) in the model, the model is able to simulate
changes in TC intensity in response to ENSO and climate change. For this reason, and because
ACE is a commonly used metric for TC activity, we included ACE in the analysis despite the
limitation that the model fails to simulate the most intense TCs.
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The TC track density from the five-member ensemble of the historical simulations clearly
shows a decrease in Atlantic TC frequency in both historical El Nifio experiments (Fig. Sc and
e) compared to the historical climatology simulation (Fig. 5a), whereas La Nifia produced a
moderate increase in TC frequency (Fig. 5g). The Atlantic TC response simulated by WRF is
consistent with the observed TC response during El Niflo and La Nifia (Table 3), although
internal atmospheric variability was not well accounted for due to the small sample sizes for
observed El Nifo events. Relatively few observed El Nifio events, along with the use of
different EP El Nifio ELI bins between the observations and the simulations, could explain
differences between the observed and simulated influence of CP and EP El Nifio on Atlantic
TC activity. SST conditions in the Atlantic also impact observed TC activity, as the Atlantic
Meridional Mode (AMM) was positive for both observed EP El Nifio years, which would cause
less suppression of Atlantic TCs than the EP El Nino would cause with a neutral AMM
(Patricola et al., 2014; Klotzbach et al., 2011).

We quantified the Atlantic TC activity response to ENSO using the number of TCs per year
and ACE. The five-member ensemble of historical climatology simulations produced an
average of 20 TCs per year and an average seasonal ACE of 120.7 (Table 3). In response to the
ENSO SST forcings in the historical climate, the WRF simulations produced a 55% decrease
in TCs per year and a 58% decrease in ACE per year during Eastern Pacific El Nifio relative to
the climatology simulation (Table 3). This simulated suppression of TCs was greater than
observed, likely due to the differences in ELI used to define El Nifio and influences outside of
the Pacific, such as the AMM, on the observed findings. The Central Pacific El Nifio
simulations produced a 39% decrease in Atlantic TCs per year and a 44% decrease in ACE per
year compared to the climatological simulations (Table 3), which is relatively similar to
observations. Atlantic TC suppression was less effective in the CP El Nifio experiment
compared to the EP El Nifio experiment, consistent with Patricola et al. (2016). This indicates
that Atlantic TC suppression is greater the further east that tropical Pacific deep convection is
located. This response is not well characterized in the limited historical observations of CP and
EP El Nifo, but is apparent when comparing El Nifio to the climatology and La Nifia
simulations. The historical La Nifia simulation produced a moderate 8% increase in Atlantic
TCs per year and an 11% increase in ACE per year (Table 3) compared to the climatology
simulation. The difference in TC activity between La Nifia and the climatology was weaker in
the WRF simulations compared to observations, although both increased TCs and seasonal

ACE during La Nifia. The increase in the ensemble-mean number of TCs in the La Nifia
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historical simulation was less than one standard deviation above the ensemble-mean number

of TCs in the control historical simulation.

To understand the physical mechanisms driving the Atlantic TC response to ENSO, we
investigated vertical wind shear (VWS) between 850 hPa and 200 hPa and 700 hPa relative
humidity (RH) in the historical simulations. We focused on physical variables impacted by
ENSO instead of using the genesis potential index (GPI), which considers the aforementioned
large-scale variables, together with low-level vorticity and potential intensity, together. We
chose this approach because metrics like GPI can poorly explain future changes in TCs
(Camargo, 2013), likely because GPI is an empirical index developed using historical climate
data. There is an increase in VWS over most of the Atlantic TC genesis region for both El Nifio
types and a decrease in VWS for La Nifia in the historical climate (Fig. 6a-c). EP El Nifio
produced VWS enhancements of up to 10 ms™! over the Atlantic TC genesis region (Fig. 6a).
This large anomaly caused the average VWS over a substantial portion of the Atlantic TC
genesis region to change from a range of 0-7.5 ms™! to a range of 10-20 ms™' (not shown). This
is important because VWS exceeding values of 10-12 ms™! are typically unfavorable for TCs
(Zhang and Tao, 2013; Tao and Zhang, 2014; Tao and Zhang, 2015; Rios-Berrios and Torn,
2017). CP El Nino enhanced VWS (Fig. 6b), but not as strongly as EP El Nifio, resulting in
most of the Atlantic TC genesis region increasing from an ASO average VWS of 0-7.5 ms™ to
5-17.5 ms™' (not shown). The historical La Nifia simulations produced a slight reduction in
VWS (2-5 ms!) over much of the Atlantic TC genesis region (Fig. 6¢), consistent with the
slight increase in Atlantic TC activity. The simulated VWS response to ENSO is closely related
to the 200 hPa zonal wind response (not shown), which is driven by the location of tropical
Pacific deep convection. Therefore, the longitude of maximum tropical Pacific deep convection
indicates the main physical mechanisms by which the ENSO teleconnection influences Atlantic

TC activity.

Mid-tropospheric RH decreased during El Nifio and increased during La Nifia over much
of the northern tropical Atlantic in the historical simulations (Fig. 7a-c), although compared to
VWS, RH is less correlated with the Atlantic TC frequency response. In both El Nifio
simulations, RH slightly decreased over most of the Atlantic TC genesis region (Fig. 7a and
b), which along with the VWS response, helped explain the suppression of Atlantic TCs in both
El Nifo experiments. However, CP El Nifo produced a stronger RH response than EP El Nifio.
This shows that the 200 hPa zonal wind and VWS responses are better indicators of the Atlantic

TC suppression; in particular, the EP El Nifio simulation produced roughly 25% fewer TCs
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than CP El Nifo, which is consistent with the larger increase in VWS, but inconsistent with the
smaller decrease in RH during EP El Nifio compared to CP El Nifo. This leads us to conclude
that VWS is generally the primary explanation for the Atlantic TC response to ENSO, whereas

RH is a secondary influence.

Overall, the results from the historical WRF experiments match the current understanding
of ENSO’s influence on Atlantic TCs. Our findings agree with the established influence El
Nifio has on Atlantic TCs, including the overall Atlantic TC reduction during El Nifo (e.g.,
Gray, 1984 and others), the differences in the TC response between CP and EP El Nifio
(Patricola et al., 2016), and the slight increase in Atlantic TCs during La Nifia. Finally, Atlantic
VWS responses driven by the zonal shift in the tropical Pacific deep convection and associated
200 hPa zonal wind response are consistent with previous research and were the main factor

driving the Atlantic TC response to ENSO, with secondary contributions from mid-

tropospheric RH.
Observations (1965-2020) WREF Historical Simulations
ENSO Climo | EPEI CP El LaNifa | Climo | EPEl CP El La Nifia
state Nifio Nifio Nifio Nifio
sample or | 55 2 3 8 5 5 5 5
ensemble
size
ELI bin - East of 175°E- | Westof | - East of 175°E- West of
180°E 180°E 160°E 190°E 180°E 160°E
Number 12.6 9.5 7.7 14.9 20 9 12.2 21.6
of TCs (-24%) (-40%) | (19%) (-55%) (-39%) (8%)
ACE 102.6 51.81 50.5 134 120.7 50.5 67.1 134.2
(-50%) (-51%) | (31%) (-58%) (-44%) (11%)

Table 3. Average values and percent change relative to climatology (in parentheses) in seasonal Atlantic
number of TCs and ACE (10* kt*) from IBTrACS observations (left) and the historical WRF
experiments (right). Each WRF experiment had a different SST forcing representing either La Nifia, CP
El Nifio, or EP El Nifio. The ELI bin and sample or ensemble size used to configure the SSTAs are
shown. ENSO events during the years 1965-2020 were identified based on ASO ELI from ERSSTv5
observations.
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Fig. 5. Atlantic TC track density (TCs per 6-hours over the five-member ensemble) over June 1 —
November 30 from the five-member ensemble of the WRF simulations under prescribed SST forcings
representing (a, b) climatology, (c, d) EP El Nifio, (e, f) CP El Nifio, and (g, h) La Nifia for the historical
and future climates, respectively.
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Fig. 6. Response in the Aug-Oct zonal 850 hPa to 200 hPa vertical wind shear (ms™) from the historical
climate (a) EP El Nifio, (b) CP El Nifio, and (c) La Nifia simulations minus the historical climatology
simulation and the future climate (d) EP El Nifio, (¢) CP El Nifio, and (f) La Nifia simulations minus
the future climatology simulation, based on the 5-member ensemble of the WRF simulations.
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Fig. 7. Response in the Aug-Oct 700 hPa relative humidity (%) from the historical climate (a) EP EI
Nifio, (b) CP EI Nifio, and (c) La Nifa simulations minus the historical climatology simulation and the
future climate (d) EP El Nifio, (¢) CP El Nifio, and (f) La Nifia simulations minus the future climatology
simulation, based on the 5-member ensemble of WRF simulations.
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c. Influence of Mean Climate Change on Atlantic TCs

Before comparing the Atlantic TC response in each ENSO experiment between the future
and historical climates, we analyzed the difference between the two climate states to try to
separate the influences of mean climate change and changes in the ENSO teleconnection on
Atlantic TCs. We found that mean-state climate change produces a decrease in future Atlantic
TCs. The ensemble of future climatology simulations produced 14.8 Atlantic TCs per season,
representing a 26% decrease from the 20 TCs per season in the historical climatology
simulation (Tables 4 and 5 and Fig. 9a). We next investigated the connection between the TC
response and large-scale environment and found a future decrease of 1-2% in 700 hPa RH over
most of the Atlantic TC genesis region (Fig. 8¢) and an increase of 1-5 ms™! in VWS (Fig. 8b
and d) over the Atlantic TC genesis region. These thermodynamic and dynamic changes make
sense given the future change in mean-state SST toward more El Nifio-like conditions (Fig. 8a)
that support a future decrease in Atlantic TC activity. The 1-5 ms™ future increase in VWS
brought the ASO average VWS over the TC genesis region from 0-10 ms™! for the historical to
2.5-15 ms™! in the future (not shown). This indicates that the future mean climate state has the
potential to strongly influence future changes in Atlantic TCs during El Nifo, given the future

increase in VWS and decrease in RH.

While Atlantic TC frequency decreased substantially in the future climatological
simulation relative to the historical, seasonal Atlantic ACE decreased by a relatively moderate
amount. The future simulations produced a 7% decrease in ACE (Table 4 and Fig. 9b), or an
ensemble average of 113 10*kt? in the future compared to 121 10*kt? in the historical (Table
5). Furthermore, the average ACE per TC increased by 26% in the future relative to the
historical (Table 4). An increase in ACE per TC means that, on average, the TCs live longer
and/or are more intense. We found more long-track and stronger TCs in the future simulation
compared to the historical, with a primary influence from increasing TC intensity. These

findings align with other research (e.g., Bengtsson et al., 2007) on future increases in TC

intensity.
Climatology | EP El Nifio | CP El Niiio | La Niia
TCs per year -26% -45% -20% -30%
ACE per year -7% -34% -5% -15%
ACE per TC 26% 19% 18% 21%

Table 4. Change in Atlantic TC activity due to mean climate change for each given ENSO state. The
seasonal Atlantic number of TCs and ACE (10*kt?), represented as the percentage change, calculated
as (future - historical) / historical, from each five-member ensemble mean of the WRF TCM
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experiments with prescribed SST representing climatology, EP El Nifio, CP El Nifio, and La Nifia. This

represents the TC response to mean climate change for a given ENSO state.

Historical

Climatology | EP El Niiio CP El Niio La Niiia
TCs per year 20 9 (-55%) 12.2 (-39%) 21.6 (8%)
ACE per year 120.6 50.4 (-58%) 67 (-44%) 134.1 (11%)
ACE per TC 6 5.6 (-7%) 5.5 (-10%) 6.2 (3%)
Standard deviation | 3.9 1.8 0.8 34
of TC count
Standard deviation | 22.3 15.2 11.9 314
of ACE

Future

Climatology | EP El Niiio CP El Niiio La Niia
TCs per year 14.8 5 (-66%) 9.8 (-34%) 15.2 (3%)
ACE per year 112.7 34 (-70%) 64.3 (-43%) 114.2 (1%)
ACE per TC 7.6 6.8 (-11%) 6.6 (-14%) 7.5 (-1%)
Standard deviation | 2.3 1.8 2.6 2.6
of TC count
Standard deviation | 26.9 15.6 28.6 49.1

of ACE
Table 5. Seasonal Atlantic TC count and ACE (10*kt?) from the five-member ensemble mean of the
WREF experiments with prescribed SST representing climatology, EP El Nifio, CP El Nifio, and La Nifia
in the historical and future climates. The percent change in each of the TC metrics for each ENSO
experiment with respect to the corresponding climate’s climatology is included in parentheses, which
represents the TC response to ENSO for a given climate state. Standard deviation represents the
variability between ensemble members.
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Fig. 8. Future change in the Aug-Oct averaged (a) SST (°C), (b) 200 hPa zonal winds (ms™), (c) 700
hPa RH (%), and (d) vertical wind shear (ms™) from the five-member ensemble of the climatological
future minus historical WRF simulations.
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Fig. 9. Boxplots of the seasonal Atlantic (a) number of TCs and (b) ACE (10*kt?) from the five-member
ensemble of each WRF experiment representing different ENSO states in historical and future climates.

d. Influence of ENSO on Atlantic TCs in a Future Climate

The WRF TCM historical experiments demonstrated reasonable reliability in replicating
the observed and simulated teleconnections between ENSO and Atlantic TC activity found in
other research. In addition, the simulations have shown that if the CESM LENS is correct in
predicting that the mean state SSTs will become more El Nifio-like in the future, there could
be a future reduction of Atlantic TCs under neutral ENSO conditions. These findings make
sense based on the current understanding of ENSO and Atlantic TCs. Now we investigate
possible changes in the ENSO-Atlantic TC teleconnection under the more El Nifio-like future

mean climate state.

The first notable response in the future ENSO experiments is that each ENSO state
experienced a substantial decrease in Atlantic TC frequency in the future relative to the
historical (Table 5 and Figs. 5 and 9). This is most likely due to the mean state differences
described in the previous section. Each ENSO simulation produced a decrease in Atlantic TCs
and an increase in ACE per TC in the future compared to the historical climate (Table 5 and
Fig. 9). These results make sense, as the prescribed future decrease in the zonal tropical Pacific
SST gradient shifts the mean state towards more El Nifio-like conditions in the future, which
in turn decreases Atlantic TC frequency in all experiments due to an average VWS increase
and RH decrease (Fig. 4). Similarly, the intensity and longevity of the TCs increased in the

future on average, which may be associated with warmer SSTs.
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Along with the mean decrease in Atlantic TC frequency and increase in TC intensity, the
teleconnection ENSO currently has with Atlantic TC frequency remains relatively similar in
the future (Table 5 and Fig. 10). Compared to each of their respective climate states (Table 5),
the future EP El Nifio still suppressed TCs (with a 66% and 55% decrease in the future and
historical, respectively), the future CP El Nifio still had a weaker TC suppression compared to
EP El Niilo (with a 34% and 39% decrease in the future and historical, respectively), and the
future La Nifia still slightly enhanced TC frequency (by 3% and 8% in the future and historical,
respectively). Similar to the historical climate, the increase in the ensemble-mean number of
TCs in the La Nifa future simulation was less than one standard deviation above the ensemble-
mean number of TCs in the control future simulation. The response in TC number to ENSO
supports our finding that the location of tropical Pacific deep convection is a good indicator for
ENSO’s influence on Atlantic TCs in both the historical and future climates, and that ENSO
still impacts Atlantic VWS and 700 hPa RH (Figs. 6 and 7). Even with the ENSO - Atlantic
TC teleconnection remaining similar in the future compared to the historical climate, it is worth
noting that there were some relatively small differences. However, a larger ensemble would be
needed to determine whether the differences are significant or associated primarily with

internal atmospheric variability.

So far, we have concluded that a future mean state change toward more El Nifio-like
conditions causes a general decrease in Atlantic TC frequency, with a response in 200 hPa
winds, VWS (driven mostly by changes in upper-tropospheric winds, rather than lower-
tropospheric winds), and 700 hPa RH acting to reduce favorability for TCs. We have also
determined that the ENSO-Atlantic TC teleconnection will be similar between the historical
and future, with possible minor differences in strength. We now investigate whether the
physical mechanisms that drive the teleconnection in the historical climate are also operating

in the future climate.

The VWS responses to ENSO in the future mirrored those in the historical simulations (Fig.
6). For EP El Nifio in both climates, there was a significant increase in VWS of 10 ms™!' or more
over the Atlantic TC genesis region (Fig. 6a and d). In addition, CP El Nifio in both climates
produced a VWS increase of around 2-5 ms™! (Fig. 6b and ¢), again consistent with the Atlantic
TC response. The La Nifia experiments for both climates produced a reduction of VWS of up
to 5 ms™!' over most of the TC genesis region (Fig. 6¢ and f). These teleconnections suggest that

VWS is still highly correlated with the Atlantic 200 hPa zonal wind response to climate change
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(not shown), and therefore the extent to which zonal shifts in tropical Pacific deep convection

impact VWS in the Atlantic.

The 700 hPa RH response to ENSO was relatively similar in the historical and future
experiments (Fig. 7). EP and CP El Nino produced a 1-5% reduction in RH over the Atlantic
TC genesis region in both the historical and future climates. The small differences in the
magnitude of the RH reduction between CP El Nifio and EP El Nifio once again indicate that
VWS is the primary factor in the ENSO relationship with Atlantic TCs. La Nifia produced a 1-

5% RH increase over the TC genesis region for both the future and historical climates.

Overall, ENSO has a similar influence on VWS and 700 hPa RH in the future compared to
the historical climate, and the location of tropical Pacific deep convection continues to have
important implications for the Atlantic TC response to ENSO, most notably by impacting the
200 hPa winds, which heavily influence VWS over the Atlantic. The response of VWS, 700
hPa RH, and the 200 hPa zonal winds in the historical and future simulations supports the
conclusion that the influence of ENSO alone (i.e., without considering mean-state climate

change) on Atlantic TCs will be relatively similar between the historical and future climates.
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Fig. 10. Seasonal Atlantic (a) number of TCs and (b) ACE (10* kt?) expressed as percentages relative
to the respective climatology from the five-member ensemble of WRF experiments representing
different ENSO states in the historical and future climates.

5. Discussion and Conclusions

The teleconnection between ENSO and Atlantic TCs has historically provided a valuable
source of seasonal TC predictability, however, it remains unknown how this teleconnection

may change in the future in association with changes in both ENSO and the mean climate state.
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It is not guaranteed that the ENSO-TC teleconnection will remain the same as the climate
changes, given that there are thresholds and non-linearities in the climate system, for example,
in the relationship between TCs and vertical wind shear. This research examines the importance
of ENSO diversity and associated shifts in the Walker Circulation on Atlantic TCs in the
historical climate and how this relationship might change in the future climate. We used WRF
tropical channel model simulations forced by SST patterns characteristic of the monthly-
varying climatology, Eastern Pacific El Nifio, Central Pacific El Nifio, and La Nifia in historical
and future climates. The SST patterns were derived from the CESM LENS simulations. The
simulations were designed specifically to investigate changes in ENSO and the mean climate,
and controlled for others factors important for Atlantic TC activity, such as Atlantic SST

variability.

We first investigated how ENSO and the mean-state SST changed in the future in the
CESM LENS. We found a future weakening of the zonal tropical Pacific SST gradient, which
represents more El Nifio-like mean state conditions, consistent with other studies (An et al.,
2008; Cai et al., 2015; Fredriksen et al., 2020; Erickson et al., 2023). In addition, both El Nifio
and La Nina events during the peak Atlantic hurricane season became more frequent in the

future in the CESM LENS.

We then evaluated the observed relationship between ENSO and Atlantic TCs and found
that the WRF simulations were able to reasonably reproduce such relationships. The historical
simulations showed that the location of tropical Pacific deep convection strongly influenced
the frequency of Atlantic TCs during ENSO, with stronger Atlantic TC suppression the farther
eastward the tropical Pacific deep convection was located. This relationship was generally seen
in observations, but is harder to quantify due to the short observational record combined with
the influence of factors aside from ENSO, such as Atlantic SST variability, which were
controlled for in our WRF experiments. Furthermore, the primary observed physical
mechanisms for the ENSO-TC teleconnection were replicated well by the model, as vertical
wind shear and relative humidity were both impacted by ENSO via zonal shifts in tropical
Pacific deep convection. Of the two, vertical wind shear was the primary factor that drove the

Atlantic TC frequency response to ENSO in our simulations.

We investigated the influence of ENSO on Atlantic TCs in a changing climate by first
attempting to isolate the role of changes in the mean climate state. We found that future changes
in the mean climate, including a weakening of the zonal tropical Pacific SST gradient, reduced
Atlantic TC activity regardless of ENSO conditions. Under neutral ENSO conditions, Atlantic
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TC frequency was reduced by 26% in the future relative to the historical. Future research
investigating different possible future outcomes of ENSO and the zonal tropical Pacific SST
gradient change (e.g. Seager et al., 2019; Sobel et al., 2023) would be useful to build upon this
study, given the uncertainties in both. This could include simulations in which the tropical
Pacific zonal SST gradient strengthened (became more La Nina-like), stayed the same, and
weakened more strongly than in the CESM LENS (became even more El Nino-like). Since
future ENSO projections are also uncertain, testing different future ENSO possibilities would
improve our understanding, especially since the CESM LENS future trend to more El Nifio-
like conditions is not as strong as some other models represented in CMIP6 (Erickson &

Patricola, 2023).

Finally, the future simulations showed that the current ENSO - Atlantic TC relationship
holds in the future and provided strong evidence for the continued importance of zonal shifts
in tropical Pacific deep convection. In particular, we investigated the future ENSO
teleconnection with Atlantic TCs and found it to be similar to that in the historical simulations.
We found that in a future with a decreasing zonal tropical Pacific SST gradient, ENSO’s
influence on Atlantic TC frequency will still strongly depend on zonal shifts in tropical Pacific
deep convection. Atlantic TC frequency responded significantly to zonal shifts in tropical
Pacific deep convection in the future, with El Nifio suppressing TCs and La Nifia enhancing
them. Furthermore, the diversity in El Nifio remained an important factor in the ENSO -
Atlantic TC relationship, with Eastern Pacific El Nifio suppressing Atlantic TCs more strongly
than Central Pacific El Nifo in the future climate simulations, as in the historical climate
simulations. This suggests that the ENSO Longitude Index (ELI), which captures ENSO
diversity and represents the tropical Pacific deep convection shifts that determine ENSO’s
teleconnections with Atlantic TCs, will be useful in characterizing ENSO’s influence on

Atlantic TCs in future climates.

Even though the historical ENSO - Atlantic TC teleconnection was relatively similar in the
future, we found slight differences in the magnitude that could be due to internal atmospheric
variability. To determine whether there are significant differences in the future ENSO-TC
teleconnection, a larger ensemble of TC-permitting simulations would be required. While
additional ensemble members could not be performed in this study due to the computational
costs, we note that five ensemble members were sufficient in determining the general future
ENSO-TC relationship (J. Lee et al. 2021). To provide further support for the ensemble size,

we tested whether a 5-member ensemble would be sufficient by randomly resampling 5
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members of the 22-member ensemble of simulations forced by EP El Nifio, CP El Nifio, and
the monthly-varying climatological SST from Patricola et al. (2016). We performed the
random resampling 1,000 times and calculated the percent change in Atlantic TC number in
response to each EP El Nifio and CP El Nifio. Results from the resampling indicate that a 5-
member ensemble is suitable for this type of study. Based on the full 22-member ensembles,
Atlantic TC number decreased in response to both EP El Nifio and CP El Niiio relative to the
control simulation. When the data was resampled to a sample size of 5, only three out of the
1,000 resamples (0.3%) produced an increase or no change in Atlantic TC number for EP El
Nifio, and 46 of the 1,000 resamples (4.6%) produced an increase or no change in Atlantic TC
number for CP El Nifio. We highlight that the 5S-member ensembles from this study produced
aresponse in Atlantic TC number to both EP and CP El Nifio that is consistent with the response

in the 22-member ensemble from Patricola et al. (2016).

In addition, it would be useful to investigate future ENSO-TC teleconnections using the
suite of global model simulations that participated in CMIP6 in order to capture differences in
future projections of ENSO. It would be a substantial computational expense to do so using a
similar TC-permitting dynamical modeling methodology as in this study. However, such an
investigation would be more feasible with statistical-dynamical models such as the Columbia
Hazard model (CHAZ; C. Lee et al. 2018) and is planned for future work. Furthermore, it
would be useful to perform additional dynamical model simulations, such as those performed
in this study, forced with SST patterns from additional large-ensemble simulations including
those from the Multi-Model Large Ensemble Archive (Deser et al. 2020). This would enable
investigation of how different future projections of both ENSO and the mean-state SST could
impact the ENSO-Atlantic TC teleconnection in the future. Indeed, the importance of using
both multi-models and large-ensembles for future ENSO projection has been highlighted
recently by Maher et al. (2023). Using 14 single model initial-condition large ensembles, they
demonstrated that different future changes in ENSO and the tropical Pacific arise from
differences between the models, and not just internal variability. Such ENSO projections can
be especially useful to provide estimates of future changes in the frequency of ENSO events.
We note that our study investigated the future ENSO — Atlantic TC teleconnection without
making assumptions about future changes in the frequency of ENSO. Our simulations instead
investigated the teleconnection given ENSO conditions in the historical and future climates.
This approach provides useful information about the future ENSO — Atlantic TC teleconnection

despite the uncertainty in the frequency of ENSO events in the future.
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In conclusion, we found that although the ENSO - Atlantic TC relationship of the historical
climate is maintained into the future, a future mean state change toward more El Nifo-like
conditions drove a substantial decrease (26%) in future Atlantic TC frequency. In addition, we
found that the location of tropical Pacific deep convection, and its influence on tropical Atlantic
vertical wind shear, remained the most important factor in ENSO’s influence on Atlantic TCs
in the future. This relationship emerged as one of the most important factors in determining
whether Atlantic TC frequency would increase or decrease in the future. How ENSO will
change is one important factor in determining how Atlantic TC frequency may change in the
future, as further highlighted by this research. In attempting to reduce uncertainty in future
projections of Atlantic TC frequency, reliable projections of future changes in both ENSO and
the zonal tropical Pacific SST gradient are among the leading factors to solving this complex

problem.
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