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ABSTRACT 11 

The El Niño–Southern Oscillation (ENSO) influences seasonal Atlantic tropical cyclone 12 

(TC) activity by impacting environmental conditions important for TC genesis. However, the 13 

influence of future climate change on the teleconnection between ENSO and Atlantic TCs is 14 

uncertain, as climate change is expected to impact both ENSO and the mean climate state. We 15 

used the Weather Research and Forecasting model on a tropical channel domain to simulate 5-16 

member ensembles of Atlantic TC seasons in historical and future climates under different 17 

ENSO conditions. Experiments were forced with idealized sea-surface temperature 18 

configurations based on the Community Earth System Model (CESM) Large Ensemble 19 

representing: a monthly-varying climatology, Eastern Pacific El Niño, Central Pacific El Niño, 20 

and La Niña. The historical simulations produced fewer Atlantic TCs during Eastern Pacific El 21 

Niño compared to Central Pacific El Niño, consistent with observations and other modeling 22 

studies. For each ENSO state, the future simulations produced a similar teleconnection with 23 

Atlantic TCs as in the historical simulations. Specifically, La Niña continues to enhance 24 

Atlantic TC activity, and El Niño continues to suppress Atlantic TCs, with greater suppression 25 

during Eastern Pacific El Niño compared to Central Pacific El Niño. In addition, we found a 26 

decrease in Atlantic TC frequency in the future relative to historical regardless of ENSO state, 27 

which was associated with a future increase in northern tropical Atlantic vertical wind shear 28 

and a future decrease in the zonal tropical Pacific SST gradient, corresponding to a more El 29 

Niño-like mean climate state. Our results indicate that ENSO will remain useful for seasonal 30 

Atlantic TC prediction in the future. 31 

 32 

1. Introduction 33 

Tropical cyclones (TCs) are both damaging and deadly, with $1.387 trillion in damages 34 

and 6,897 deaths in the United States between 1980 and 2023 (Smith, 2022; NOAA, 2024). 35 

Due to the high economic costs and safety threats posed by TCs, there is an urgent need to 36 

improve future projections of TC activity. In order to better project future changes in TC 37 

activity, it can be informative to consider patterns of climate variability that create seasonal 38 

anomalies in the necessary ingredients for TC genesis, including warm sea surface 39 

temperatures (SSTs), a moist mid-troposphere, atmospheric instability, and weak vertical wind 40 

shear. One major influence on seasonal TC activity in several basins is the El Niño–Southern 41 

Oscillation (ENSO) (e.g., Lin et al. 2020) – the leading mode of tropical climate variability. 42 
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The positive phase of ENSO, or El Niño, is characterized by warm sea surface temperature 43 

anomalies (SSTAs) in the central-eastern equatorial tropical Pacific, whereas the negative 44 

phase, La Niña, is characterized by cool SSTAs in the same region. Along with these SSTAs, 45 

ENSO also causes fluctuations in the Walker Circulation (Bjerknes, 1966), the large-scale 46 

zonal and vertical atmospheric circulation over the tropics, by shifting the location of deep 47 

convection in the tropical Pacific and altering tropical upper-tropospheric and lower-48 

tropospheric zonal winds.  49 

ENSO’s modulation of the Walker Circulation – through shifting the location of tropical 50 

Pacific deep convection and changing lower- and upper-level winds – impacts vertical wind 51 

shear, relative humidity, and instability over the Atlantic TC genesis region. Many studies have 52 

found that compared to La Niña and ENSO neutral conditions, El Niño events drive a decrease 53 

in the frequency and intensity of Atlantic TCs by increasing Atlantic vertical wind shear (e.g., 54 

Gray 1984; Goldenberg & Shapiro, 1996; Bove et al., 1998; Landsea et al., 1999; Pielke & 55 

Landsea, 1999; Smith et al., 2007; Klotzbach et al., 2017, Lin et al., 2020). This relationship 56 

between El Niño and Atlantic vertical wind shear exists due to warm SSTAs in the equatorial 57 

eastern-central Pacific, which shift tropical Pacific deep convection eastward, causing upper-58 

level westerly wind anomalies and increased vertical wind shear over the Atlantic TC main 59 

development region (e.g., Horel & Wallace, 1981; Hoerling & Kumar, 2002). Likewise, La 60 

Niña enhances Atlantic TC development by weakening vertical wind shear in the Atlantic. In 61 

addition, instability and relative humidity, two other factors important for Atlantic TCs, 62 

decrease during El Niño (Camargo et al., 2007a) due to anomalous upper-tropospheric 63 

warming (Chiang & Sobel, 2002; Tang & Neelin, 2004), which also stems from a shift in the 64 

Walker Circulation. 65 

To fully explain ENSO’s influence on Atlantic TCs, we must consider variations in the 66 

spatial patterns of SSTAs during El Niño events, often referred to as ENSO diversity (e.g., 67 

Capotondi et al., 2015a; Timmermann et al., 2018; Capotondi et al., 2020). These variations in 68 

El Niño events are often categorized into two groups, known as Eastern Pacific El Niño and 69 

Central Pacific El Niño (or El Niño Modoki) (Ashok et al., 2007; Kao & Yu, 2009). Eastern 70 

Pacific (EP) El Niño is characterized by maximum SST warming in the eastern tropical Pacific, 71 

whereas Central Pacific (CP) El Niño is characterized by maximum SST warming in the central 72 

tropical Pacific, with SSTAs tending to be stronger during EP El Niño compared to CP El Niño. 73 

A third “mixed El Niño” category was introduced to account for El Niño events that share 74 

attributes from both categories (Kug et al., 2009; Ashok et al., 2012), as CP and EP El Niño do 75 
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not represent the full spectrum of spatial patterns of SSTAs. As described above, tropical 76 

Pacific deep convection shifts eastward and strongly impacts upper-tropospheric winds during 77 

El Niño; the nature of this response depends on both the magnitude and location of the SSTAs 78 

and, therefore, depends on the type of El Niño event (Patricola et al., 2016). La Niña, on the 79 

other hand, has a relatively smaller longitudinal shift in deep convection (Kug et al., 2009; Kug 80 

& Ham, 2011; Ren & Jin, 2011). Although the differences in spatial patterns of SSTAs during 81 

El Niño events tend to be more pronounced during ENSO’s boreal winter peak, compared to 82 

the hurricane season’s boreal autumn peak, ENSO diversity is nonetheless important in 83 

modulating the zonal shifts in tropical Pacific deep convection that influence Atlantic hurricane 84 

seasons (Patricola et al. 2016). 85 

ENSO diversity can substantially modulate the teleconnection between ENSO and Atlantic 86 

TCs in the present climate, as found in climate simulations forced with observed SST patterns 87 

characteristic of the different El Niño types (Patricola et al., 2016). The climate model 88 

simulations demonstrated that CP El Niño suppressed Atlantic TCs, but was less effective at 89 

doing so than EP El Niño for magnitudes of SST warming corresponding to strong observed 90 

events (i.e., stronger warming for EP El Niño compared to CP El Niño). The response in 91 

Atlantic TCs was driven primarily by changes in vertical wind shear, with secondary 92 

contributions from relative humidity. Note that this is similar to the reanalysis-based findings 93 

of Camargo et al. (2007b) in that wind shear and relative humidity are important contributors 94 

to ENSO’s influence of Atlantic TCs. Camargo et al. (2007b) found that relative humidity was 95 

the most important factor, but we note that older reanalysis data such as the NCEP/NCAR I 96 

(Kalnay et al. 1996) used in their study has large uncertainty in relative humidity estimates. 97 

The strength of the wind shear and humidity responses were related to the zonal shifts in 98 

tropical Pacific deep convection and the Walker Circulation, which depended on the magnitude 99 

and location of the SSTA forcings. 100 

A major gap in our understanding of the ENSO-TC teleconnection is how ENSO’s 101 

influence on seasonal Atlantic TC activity in the historical climate may be altered by future 102 

greenhouse gas emissions (Lin et al., 2020), potentially through changes in ENSO (including 103 

frequency, intensity, and diversity), as well as through changes in the tropical Pacific SST 104 

climatology associated with mean climate change, including possible changes in tropical 105 

Pacific zonal SST gradients. Projecting future changes in ENSO is a challenge, as there is no 106 

agreement on future change in ENSO frequency, amplitude, subsurface ocean temperatures, 107 

and ENSO diversity (e.g. Ashok et al., 2007; Yeh et al. 2009; Collins et al., 2010; T. Lee & 108 
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McPhaden, 2010; Kug et al., 2012; Kim and Yu, 2012; Stevenson, 2012; Yeh et al., 2014; 109 

Zheng et al., 2016). 110 

One major reason for this lack of agreement in changes in ENSO involves uncertainty in 111 

the future of the tropical Pacific zonal SST gradient (e.g., Seager et al., 2019; S. Lee et al., 112 

2022). Part of this uncertainty stems from coupled global climate models (GCMs) suffering 113 

from substantial biases in climatological SSTs in the eastern tropical Pacific (Richter, 2015; 114 

Zuidema et al., 2016). The occurrence of these biases in the ENSO region can directly impact 115 

simulated ENSO variability (e.g., Capotondi et al., 2015b) and can influence future projections 116 

of ENSO (Tang et al., 2021). Along with these GCM biases, state-of-the-art climate models, 117 

such as those participating in the Coupled Model Intercomparison Project Phase 5 (CMIP5) 118 

and Phase 6 (CMIP6), produce a general agreement that the mean tropical Pacific zonal SST 119 

gradient will weaken (that is, become more El Niño-like) in the future (An et al., 2008; Cai et 120 

al., 2015; Fredriksen et al., 2020; Erickson et al., 2023), even though recent observations 121 

suggest the opposite has been occurring (Seager et al., 2019; Zhao & Allen, 2019). This 122 

discrepancy between the recently observed La Niña-like trends and the future projections of El 123 

Niño-like trends has caused uncertainty in future ENSO projections (e.g., Seager et al., 2019; 124 

Tang et al., 2021), as the reliability of the GCMs has been questioned due to their large biases 125 

in the eastern Pacific cold tongue. Given the complexity of simulating ENSO and the 126 

uncertainty of how model biases may impact future ENSO projections, substantial uncertainty 127 

exists regarding how ENSO may change in the future.  128 

Along with the uncertainty in future changes in ENSO, there is also uncertainty in how 129 

greenhouse gas (GHG) emissions have influenced North Atlantic TC frequency (e.g., Knutson 130 

et al. 2019) and will influence it in the future (e.g., Pielke et al. 2005; Bengtsson et al., 2007; 131 

Gualdi et al., 2007; Garner et al., 2009; Knutson et al., 2010; Knutson et al., 2020). Notably, 132 

understanding the controls on global TC frequency remains an elusive problem for which there 133 

is no theory (Sobel et al., 2021). As for TC intensity, there is better agreement that TCs will 134 

become stronger in the future (e.g., Bengtsson et al., 2007; Elsner et al., 2008; Knutson et al., 135 

2010; Yu et al., 2010; Zhao & Held, 2010; Walsh et al., 2016; Knutson et al., 2020).  136 

An important key to projecting future changes in Atlantic TC activity lies in understanding 137 

how the current ENSO-Atlantic TC teleconnection, as well as ENSO itself, may change with 138 

GHG emissions. This multifaceted problem is split into three questions: (1) How will GHG 139 

emissions impact ENSO? (2) How will GHG emissions impact climatological Atlantic TC 140 
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frequency and intensity? (3) How will the existing teleconnection between ENSO and Atlantic 141 

TCs change in the future? 142 

The primary focus of this paper is to understand how the current teleconnection between 143 

ENSO and Atlantic TCs could change in the future. Given that environmental conditions 144 

important for TC genesis (e.g., vertical wind shear) may be altered by future changes in ENSO 145 

and the mean climate, it is possible that the ENSO-TC teleconnection could change with a 146 

changing climate; this is especially the case given the importance of thresholds in the response 147 

of TCs to vertical wind shear (Tao and Zhang, 2014). We will also work towards addressing 148 

how ENSO may change in the future and how Atlantic TC activity may change in association 149 

with mean-climate change irrespective of ENSO. Here, we performed simulations using the 150 

Weather Research and Forecasting (WRF) model to simulate how seasonal Atlantic TC activity 151 

responds to different phases of ENSO in historical and future climates. We used the 152 

Community Earth System Model 1 (CESM1) Large Ensemble (LENS; Kay et al., 2015) to 153 

create idealized SST patterns representing the different phases of ENSO in both climate states. 154 

We used SST data from a large 35-member ensemble, rather than multimodel ensembles such 155 

as CMIP6 which tend to have relatively few ensemble members from each model, in order to 156 

have sufficient sample sizes of ENSO events. Large ensembles also are best suited to quantify 157 

future changes in ENSO, as internal variability is large compared to future anthropogenic 158 

changes in ENSO (Maher et al., 2018; Zheng et al., 2018; J. Lee et al. 2021). This paper first 159 

investigates future ENSO projections in CESM LENS and then uses CESM LENS to create 160 

SST forcings representative of various ENSO patterns. We then ran WRF experiments and 161 

analyzed Atlantic TC frequency and intensity during ENSO events in the historical climate. 162 

We evaluated the influence of future changes in the mean climate state on Atlantic TCs before 163 

finally investigating possible changes in the teleconnection between ENSO and Atlantic TCs 164 

by comparing historical and future simulations forced by idealized ENSO scenarios. 165 

Developing an understanding of the influence of climate change on the ENSO-Atlantic TC 166 

relationship addresses a major knowledge gap identified by the scientific community (Lin et 167 

al., 2020). 168 

 169 

2. Data 170 

a. Observational Datasets 171 
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Observed SST is based on the Extended Reconstructed Sea Surface Temperature Version 172 

5 (ERSSTv5), which has global, monthly data from 1854 to present at a resolution of 2.0° 173 

latitude x 2.0° longitude (Huang et al., 2017). We used ERSSTv5 to identify observed ENSO 174 

events and to serve as the basis for the model bias correction.  175 

The initial, surface boundary, and lateral boundary conditions for the WRF historical 176 

climate simulations were based on the 6-hourly, 2.5° latitude x 2.5° longitude resolution 177 

National Centers for Environmental Prediction (NCEP-II) reanalysis (Kanamitsu et al., 2002). 178 

Observational TC data were obtained from the Atlantic hurricane database (HURDAT2; 179 

Landsea and Franklin 2013) as archived in the International Best Track Archive for Climate 180 

Stewardship (IBTrACS, Knapp et al., 2010). HURDAT2 extends from 1851 to present and 181 

includes six-hourly location and intensity information. HURDAT2 has a potential low bias in 182 

the pre-satellite era (before 1966 in the North Atlantic) due to observational limitations, which 183 

must be considered when investigating TC trends (Vecchi and Knutson 2008, 2011; Vecchi et 184 

al. 2021). 185 

b. CESM Large Ensemble Data 186 

SST forcings and future climate change perturbations for the WRF simulations were 187 

constructed from the Community Earth System Model Large Ensemble (CESM LENS; Kay et 188 

al., 2015). CESM LENS is a set of coupled atmosphere-ocean climate model simulations 189 

performed with the nominal 1° latitude/longitude version of CESM version 1. CESM LENS 190 

has 40 ensemble members and covers the years 1920-2100, with the Representative 191 

Concentration Pathway 8.5 (RCP8.5) used for future climate simulations from 2006-2100. We 192 

used 35 ensemble members, which included the data accessible at the time of this study. 193 

3. Methods 194 

a. ENSO Index 195 

To identify ENSO events, we used the ENSO Longitude Index (ELI), which can capture 196 

ENSO diversity by estimating zonal variations in tropical Pacific deep convection associated 197 

with ENSO (Williams & Patricola, 2018). ELI is calculated for each month by: (1) calculating 198 

the tropical-average SST (i.e., convective threshold), (2) identifying which points in the 199 

tropical Pacific meet or exceed the tropical-average SST, and (3) calculating the average 200 

longitude for the points that satisfy the second condition (Williams and Patricola, 2018). This 201 
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index was chosen over other ENSO metrics, such as the Niño 3.4 index, as ELI is unique in 202 

capturing ENSO diversity in one index, whereas Niño 3.4 is unable to capture ENSO diversity 203 

due to its construction (SSTA over a fixed region). In addition, ELI has demonstrated value in 204 

operational seasonal Atlantic TC prediction (Klotzbach et al. 2022). Since ELI represents the 205 

longitude of tropical Pacific deep convection, it captures the most important difference between 206 

each ENSO state that causes the teleconnection with Atlantic TC frequency. Although ELI 207 

does not directly measure SSTA strength, ELI and the Niño3.4 index are strongly correlated 208 

during the August-October Atlantic hurricane season peak (R = 0.91 over the period 1950-209 

2022). In addition, ELI is able to distinguish between EP and CP El Niño events during boreal 210 

summer, as shown in Figure 1b from Williams and Patricola (2018).  An important difference 211 

between ELI and the Niño3.4 index is that ELI more clearly identifies extreme El Niño events 212 

during boreal winter (Fig. 1a from Williams and Patricola, 2018), where an extreme El Niño 213 

event is one characterized by both strong SSTAs and a strong eastward shift in tropical Pacific 214 

deep convection.  In addition, the Niño3.4 index quantifies SSTAs but is not designed to 215 

capture zonal shifts in deep convection. 216 

b. Regional Climate Model Simulations 217 

We performed regional climate model simulations using the Weather Research and 218 

Forecasting (WRF) model, version 4.3.3 (Skamarock et al., 2019). The WRF simulations used 219 

an atmosphere-only model in order to prescribe ENSO conditions and to mitigate basin-scale 220 

SST biases that can cause errors in simulations of TCs (Hsu et al., 2019). SSTs were prescribed 221 

from CESM LENS data, as explained in section 3.b.2. The WRF experiments use a 27 km 222 

resolution tropical channel model (TCM) domain that covers 30°S to 50°N around the globe 223 

(Fig. 1), with 48 vertical layers from the surface to 50 hPa and a 60 second time step (Patricola 224 

et al., 2016; Fu et al., 2019). This resolution is high enough to represent TCs and allows a large 225 

domain suitable for capturing the influence of ENSO on the Atlantic. We note that at 27 km, 226 

the model struggles to simulate intense TCs (Category 3 and stronger), as expected given the 227 

resolution (Davis, 2018).  228 

The initial, lateral boundary, and land surface boundary conditions were based on the 6-229 

hourly NCEP-II reanalysis data from 1989, a year characterized by a near-neutral phase of the 230 

Atlantic Multidecadal Oscillation (AMO), to minimize potential influences of the mid-latitude 231 

lateral boundary conditions (LBCs) on the simulation (Patricola et al., 2016). This was done 232 

because the AMO has a substantial influence on Atlantic TC activity (Goldenberg et al. 2001; 233 
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Bell and Chelliah, 2006). Previous research has found little sensitivity to the year selected for 234 

LBCs for TCM simulations involving TC applications (Patricola et al., 2016). The simulation 235 

length was from May 1 - December 1, which was chosen to include the Atlantic hurricane 236 

season (June 1 - November 30), along with an additional month for model spin-up. Each of the 237 

five ensemble members per experiment was made under the same GHG concentrations and 238 

SST forcings, with slightly different initial conditions created by starting the runs on different 239 

days (May 1 through May 5). The experiments were limited to five ensemble members due to 240 

computational expenses; however, this ensemble size is suitable for such applications (J. Lee 241 

et al., 2021) and was sufficient to reveal climate change responses. The model 242 

parameterizations are consistent with the TCM configuration from Patricola et al. (2014) and 243 

were chosen for their ability to reasonably reproduce TC frequency at 27 km resolution. 244 

 245 
Fig. 1. Domain used in the WRF simulations (30°S -50°N, 180°E-180°W). 246 
 247 
 248 

Climate 
State  

SST Forcing ELI Values Number of Years in 
SST Composite  

Historical  Climatological  - 735  

Historical  Central Pacific El Niño 175°E-180°E 36 

Historical  Eastern Pacific El Niño East of 190°E 6 

Historical  La Niña West of 160°E 66 

Future Climatological - 735 

Future Central Pacific El Niño 175°E-180°E 56 

Future Eastern Pacific El Niño East of 190°E 17 

Future La Niña West of 160°E 181 
Table 1. Summary of WRF experiments performed, including climate state (historical, 1980-2000 and 249 
future, 2080-2100), SST forcing, ELI values used to categorize the ENSO SST forcings, and number 250 
of years in each SST composite (out of a possible 735 total years). 251 
 252 

 253 
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Greenhouse Gas 
 

Historical  Future  

Carbon dioxide (CO2) 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 (N2O) 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 254 
simulations, with units in parts per million (ppm), parts per billion (ppb), or parts per trillion (ppt). 255 

1) CLIMATE SCENARIOS 256 

We performed experiments representing two climate states, namely a historical (1980-257 

2000) and a future (2080-2100) climate (Table 1), with each climate state including four 258 

prescribed ENSO conditions discussed in the next section. For the historical climate, LBCs 259 

were based on 6-hourly NCEP-II reanalysis, whereas SSTs were prescribed using ENSO 260 

composites developed from the CESM LENS over 1980-2000 (see section 3.b.2). For SSTs, 261 

21 years were sufficient to represent 95% of the internal variability of ENSO (Maher et al., 262 

2018), considering the use of 35 ensemble members. The GHG concentrations for the historical 263 

climate (Table 2) were prescribed according to the World Data Center for Greenhouse Gases 264 

(Tsutsumi et al., 2009) and the Carbon Dioxide Information Analysis Center (Bullister et al., 265 

2015). 266 

The future climate simulations were created using the pseudo-global warming approach 267 

(Schär et al. 1996) for the LBCs and initial conditions, with prescribed bias-corrected SSTs. 268 

Specifically, the 1989 NCEP-II reanalysis data were used for the initial, lateral, and surface 269 

boundary conditions, but with additional climate change differences, or deltas, prescribed to 270 

the temperature, pressure, and humidity-related variables. The deltas were created by 271 

calculating the difference between the future climate (2080-2100) and the historical climate 272 

(1980-2000) CESM LENS data, and accounted for spatial (horizontal and vertical) and 273 

seasonal variations in the future change. SSTs were prescribed from the CESM LENS, with 274 

forcings created using the years 2080-2100. The pseudo global warming approach for the LBCs 275 

and initial conditions creates a future climate that has a realistic estimation of the mean state, 276 

while using SSTs from CESM LENS allows us to account for potential changes in ENSO’s 277 

spatial patterns and magnitude. The RCP8.5 emissions scenario was used to represent GHG 278 



11 
File generated with AMS Word template 2.0 

concentrations at the end of the twenty-first-century (Table 2; Riahi et al., 2011). RCP8.5 is 279 

the high-end estimate for global mean temperature increase by the end of the twenty-first 280 

century and represents what are currently considered to be the potential maximum impacts of 281 

climate change in the next century. 282 

 283 

2) SST FORCINGS 284 

We performed WRF experiments using SST forcings representing four different ENSO 285 

conditions, including monthly-varying climatological SST (neutral ENSO), Central Pacific El 286 

Niño, Eastern Pacific El Niño, and La Niña, in each of the historical and the future climates 287 

(Table 1). These SST configurations were created with the CESM LENS data. 288 

The climatological monthly SSTs were calculated by first creating the monthly averages 289 

for each climate state (1980-2000 and 2080-2100) using all 35 ensemble members and then 290 

subtracting the model biases from them. The model bias was calculated by taking the CESM 291 

climatological monthly average of 1980-2000 and subtracting the ERSSTv5 observed monthly 292 

average SSTs of the same years. We used the SST bias of the historical period for the future 293 

period, which assumes that the bias is unchanged in the future. We note that this procedure 294 

corrects only for mean-state SST biases, which is relatively straightforward, and does not 295 

correct for any biases in ENSO characteristics and variability.  296 

The SST patterns for each of the three ENSO states in both the historical (Fig. 2b, e, and h) 297 

and future climates (Fig. 2c, f, and i) were calculated using composites of SSTs based on ELI. 298 

In particular, ENSO events were identified based on ELI averaged over August, September, 299 

and October (ASO) for each simulated CESM LENS year, to represent the peak hurricane 300 

season when the teleconnection between ENSO and Atlantic TCs is strongest. We note that 301 

while the ASO average was used to identify ENSO events, the SST forcings use the monthly 302 

SST. This choice does not change the sample size of events. We used the 10th (west of 160°E) 303 

and 90th (east of 175°E) percentile ELI values from ERSSTv5 observations over 1854-2020 to 304 

define the ENSO state (La Niña and El Niño, respectively). The range of ASO ELI values in 305 

CESM LENS was roughly 175°E-200°E for El Niño and 155°E-160°E for La Niña. For our 306 

final SST configurations prescribed to WRF, we used the ASO ELI bin that was west of 160°E 307 

to represent La Niña, the ASO ELI bin 175°E-180°E to represent Central Pacific El Niño, and 308 

ASO ELI east of 190°E to represent Eastern Pacific El Niño. The extremes of ELI were chosen 309 

to represent the range of ENSO diversity. We note that the ELI values typical of El Niño and 310 
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La Niña events depends on the season, therefore, different values are used to identify ENSO 311 

events in ASO compared to December-February. We chose to define the Eastern Pacific and 312 

Central Pacific El Niño events with a gap in ELI of 10 degrees of longitude in between, to 313 

clearly capture the two distinct patterns.  The events with ELI in between tended to correspond 314 

to mixed El Niño events with warm SSTAs in both the Eastern and Central Pacific.  This mixed 315 

El Niño pattern was not used as forcing for WRF simulations in this study due to the primary 316 

focus on the Eastern Pacific El Niño and Central Pacific El Niño events, as well as 317 

computational limitations.  We suspect that the mixed El Niño pattern would have produced 318 

results in between those from the Eastern Pacific and Central Pacific El Niño events. 319 

Each of the events from all of the ensemble members categorized in each ELI bin were 320 

averaged to create a monthly SST composite representing each ENSO state. We note that the 321 

ENSO SST forcings were applied only over the Pacific basin; all other basins were prescribed 322 

the monthly SST corresponding to the climatology for the given climate state (i.e., historical 323 

or future). This was done to control the SSTs, such that ENSO was the only major SST pattern 324 

changing between each experiment. The SSTs were corrected for the monthly model bias.  325 

The SSTA composites for ENSO events from the historical CESM LENS simulations (Fig. 326 

2b, e, and h) reasonably capture the patterns expected based on observations (Fig. 2a, d, and 327 

g). There are some relatively minor differences between the observed and CEMS LENS 328 

historical SSTAs, with stronger SST cooling (warming) during historical La Niña (EP and CP 329 

El Niño) and maximum EP El Niño SSTAs shifted slightly from the East Pacific toward the 330 

Central Pacific in CESM compared to observations. Furthermore, the SSTA composites for 331 

ENSO events in the future CESM LENS simulations retain the signatures of the corresponding 332 

historical events.  We emphasize that the SSTAs alone do not fully represent the strength of 333 

ENSO events, which also depend on changes in the mean-state SST. 334 

 335 

3) TC TRACKING 336 

We tracked simulated Atlantic TCs every 6-hours using the algorithm of Walsh (1997), 337 

which included criteria that the system must have a warm core, be a closed-off low, have a 850 338 

hPa mean wind speed greater than the 300 hPa mean wind speed, have a minimum 10-meter 339 

wind speed of 17.5 ms-1, and an additional requirement that TCs last longer than two days to 340 

avoid minor disturbances influencing results. These requirements detect systems that meet the 341 

standard to be considered at least a tropical storm. Accumulated Cyclone Energy (ACE; Bell 342 
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et al., 2000) was also calculated for each TC and then summed for each season by adding all 343 

of the squared 6-hourly maximum 10-meter wind speeds together for each TC over the whole 344 

season and dividing by 10,000. ACE (104 kt2) was calculated because it is a more 345 

comprehensive metric for TC activity that considers TC number, intensity, and duration. 346 

 347 

348 
Fig. 2. Aug-Oct SSTAs (°C) from composites of (top) La Niña, (middle row) CP El Niño, and (bottom) 349 
EP El Niño events from the ERSSTv5 observations over (left) 1965-2020, (middle column) the CESM 350 
LENS historical simulation and the (right) CESM LENS future simulation. The observed composites 351 
included 1973, 1975, 1988, 1998, 1999, 2010, 2016, and 2020 for La Niña, 1965, 1972, and 1982 for 352 
CP El Niño, and 1997 and 2015 for EP El Niño. 353 
 354 

4. Results 355 

a. ENSO and Mean-state SST in the CESM LENS 356 

We first compared ENSO during ASO in the historical CESM LENS with observations to 357 

determine any model biases. The LENS historical simulations reproduced the frequency of El 358 

Niño events reasonably well while doubling the frequency of La Niña events compared to 359 

observations, which is apparent in the ELI distribution and histograms (Fig. 3a and c). In 360 

addition, although the LENS reproduced the frequency of observed El Niño events well, the 361 

LENS simulated El Niño events with stronger magnitudes than observed. We also compared 362 

composites of SSTAs for El Niño and La Niña events from the CESM LENS historical 363 

simulations (Fig. 2b, e, and h) and observations (Fig. 2a, d, and g) and found that the SSTAs 364 

are reasonably similar between the two, albeit with stronger SSTAs in LENS than in 365 

observations.  366 
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Having evaluated how well the CESM LENS historical simulation represents observed 367 

ENSO frequency and magnitude, we then investigated how the CESM LENS projects ENSO 368 

to change in the future. We found that the CESM LENS projects a substantial increase in the 369 

number of extreme ENSO events during ASO, similar to the projected change during boreal 370 

winter (Williams and Patricola, 2018), along with a change in the mean state toward more El 371 

Niño-like conditions (Fig. 3b and c). This shift to more El Niño-like conditions is consistent 372 

with the future SST warming pattern in CESM LENS, with greater warming over the Eastern 373 

Pacific cold tongue than in the surrounding areas (Fig. 4c). 374 
 375 
 376 

 377 
Fig. 3. Histograms showing Aug-Oct averaged ELI (°E) from (a) ERSSTv5 observations (red) over the 378 
years 1854-2022 compared to CESM LENS over the years 1980-2000 and from 35 ensemble members 379 
(blue), and (b) CESM LENS over the years 1980-2000 (blue) compared to CESM LENS over the years 380 
2080-2100 (yellow). The two lines represent the ELI values used to characterize either El Niño or La 381 
Niña. The boxplot (c) compares the Aug-Oct ELI (°E) values from ERSSTv5 observations and the 382 
CESM LENS historical and future simulations, with x representing the average. 383 

 384 
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 385 
Fig. 4. Climatological Aug-Oct SSTs (°C) from the (a) historical CESM LENS simulation over 1980-386 
2000, (b) future CESM LENS simulation over 2080-2100, and (c) the difference between the future 387 
minus the historical simulations. The SSTs represent the mean-state prescribed for the historical and 388 
future WRF simulations. 389 

 390 

b. Influence of ENSO on Atlantic TCs in the Historical Climate 391 

We compared TC activity in the WRF historical simulations with observations to gauge 392 

how well the model represents TC activity and its response to ENSO. Overall, the WRF 393 

historical climatology simulation produced more Atlantic TCs than observations, with 59% 394 

more Atlantic TCs and 18% more ACE per year than the observed climatology (Table 3). The 395 

bias in the TC count was greater than the bias in ACE, which is likely associated with the 396 

inability of the model to represent intense TCs due to its resolution. We note that despite the 397 

lack of intense TCs (category 4 and 5 hurricanes) in the model, the model is able to simulate 398 

changes in TC intensity in response to ENSO and climate change. For this reason, and because 399 

ACE is a commonly used metric for TC activity, we included ACE in the analysis despite the 400 

limitation that the model fails to simulate the most intense TCs. 401 
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The TC track density from the five-member ensemble of the historical simulations clearly 402 

shows a decrease in Atlantic TC frequency in both historical El Niño experiments (Fig. 5c and 403 

e) compared to the historical climatology simulation (Fig. 5a), whereas La Niña produced a 404 

moderate increase in TC frequency (Fig. 5g). The Atlantic TC response simulated by WRF is 405 

consistent with the observed TC response during El Niño and La Niña (Table 3), although 406 

internal atmospheric variability was not well accounted for due to the small sample sizes for 407 

observed El Niño events. Relatively few observed El Niño events, along with the use of 408 

different EP El Niño ELI bins between the observations and the simulations, could explain 409 

differences between the observed and simulated influence of CP and EP El Niño on Atlantic 410 

TC activity. SST conditions in the Atlantic also impact observed TC activity, as the Atlantic 411 

Meridional Mode (AMM) was positive for both observed EP El Niño years, which would cause 412 

less suppression of Atlantic TCs than the EP El Niño would cause with a neutral AMM 413 

(Patricola et al., 2014; Klotzbach et al., 2011). 414 

We quantified the Atlantic TC activity response to ENSO using the number of TCs per year 415 

and ACE. The five-member ensemble of historical climatology simulations produced an 416 

average of 20 TCs per year and an average seasonal ACE of 120.7 (Table 3). In response to the 417 

ENSO SST forcings in the historical climate, the WRF simulations produced a 55% decrease 418 

in TCs per year and a 58% decrease in ACE per year during Eastern Pacific El Niño relative to 419 

the climatology simulation (Table 3). This simulated suppression of TCs was greater than 420 

observed, likely due to the differences in ELI used to define El Niño and influences outside of 421 

the Pacific, such as the AMM, on the observed findings. The Central Pacific El Niño 422 

simulations produced a 39% decrease in Atlantic TCs per year and a 44% decrease in ACE per 423 

year compared to the climatological simulations (Table 3), which is relatively similar to 424 

observations. Atlantic TC suppression was less effective in the CP El Niño experiment 425 

compared to the EP El Niño experiment, consistent with Patricola et al. (2016). This indicates 426 

that Atlantic TC suppression is greater the further east that tropical Pacific deep convection is 427 

located. This response is not well characterized in the limited historical observations of CP and 428 

EP El Niño, but is apparent when comparing El Niño to the climatology and La Niña 429 

simulations. The historical La Niña simulation produced a moderate 8% increase in Atlantic 430 

TCs per year and an 11% increase in ACE per year (Table 3) compared to the climatology 431 

simulation. The difference in TC activity between La Niña and the climatology was weaker in 432 

the WRF simulations compared to observations, although both increased TCs and seasonal 433 

ACE during La Niña. The increase in the ensemble-mean number of TCs in the La Niña 434 
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historical simulation was less than one standard deviation above the ensemble-mean number 435 

of TCs in the control historical simulation.  436 

To understand the physical mechanisms driving the Atlantic TC response to ENSO, we 437 

investigated vertical wind shear (VWS) between 850 hPa and 200 hPa and 700 hPa relative 438 

humidity (RH) in the historical simulations. We focused on physical variables impacted by 439 

ENSO instead of using the genesis potential index (GPI), which considers the aforementioned 440 

large-scale variables, together with low-level vorticity and potential intensity, together. We 441 

chose this approach because metrics like GPI can poorly explain future changes in TCs 442 

(Camargo, 2013), likely because GPI is an empirical index developed using historical climate 443 

data. There is an increase in VWS over most of the Atlantic TC genesis region for both El Niño 444 

types and a decrease in VWS for La Niña in the historical climate (Fig. 6a-c). EP El Niño 445 

produced VWS enhancements of up to 10 ms-1 over the Atlantic TC genesis region (Fig. 6a). 446 

This large anomaly caused the average VWS over a substantial portion of the Atlantic TC 447 

genesis region to change from a range of 0-7.5 ms-1 to a range of 10-20 ms-1 (not shown). This 448 

is important because VWS exceeding values of 10-12 ms-1 are typically unfavorable for TCs 449 

(Zhang and Tao, 2013; Tao and Zhang, 2014; Tao and Zhang, 2015; Rios-Berrios and Torn, 450 

2017). CP El Niño enhanced VWS (Fig. 6b), but not as strongly as EP El Niño, resulting in 451 

most of the Atlantic TC genesis region increasing from an ASO average VWS of 0-7.5 ms-1 to 452 

5-17.5 ms-1 (not shown). The historical La Niña simulations produced a slight reduction in 453 

VWS (2-5 ms-1) over much of the Atlantic TC genesis region (Fig. 6c), consistent with the 454 

slight increase in Atlantic TC activity. The simulated VWS response to ENSO is closely related 455 

to the 200 hPa zonal wind response (not shown), which is driven by the location of tropical 456 

Pacific deep convection. Therefore, the longitude of maximum tropical Pacific deep convection 457 

indicates the main physical mechanisms by which the ENSO teleconnection influences Atlantic 458 

TC activity. 459 

Mid-tropospheric RH decreased during El Niño and increased during La Niña over much 460 

of the northern tropical Atlantic in the historical simulations (Fig. 7a-c), although compared to 461 

VWS, RH is less correlated with the Atlantic TC frequency response. In both El Niño 462 

simulations, RH slightly decreased over most of the Atlantic TC genesis region (Fig. 7a and 463 

b), which along with the VWS response, helped explain the suppression of Atlantic TCs in both 464 

El Niño experiments. However, CP El Niño produced a stronger RH response than EP El Niño. 465 

This shows that the 200 hPa zonal wind and VWS responses are better indicators of the Atlantic 466 

TC suppression; in particular, the EP El Niño simulation produced roughly 25% fewer TCs 467 
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than CP El Niño, which is consistent with the larger increase in VWS, but inconsistent with the 468 

smaller decrease in RH during EP El Niño compared to CP El Niño. This leads us to conclude 469 

that VWS is generally the primary explanation for the Atlantic TC response to ENSO, whereas 470 

RH is a secondary influence.  471 

Overall, the results from the historical WRF experiments match the current understanding 472 

of ENSO’s influence on Atlantic TCs. Our findings agree with the established influence El 473 

Niño has on Atlantic TCs, including the overall Atlantic TC reduction during El Niño (e.g., 474 

Gray, 1984 and others), the differences in the TC response between CP and EP El Niño 475 

(Patricola et al., 2016), and the slight increase in Atlantic TCs during La Niña. Finally, Atlantic 476 

VWS responses driven by the zonal shift in the tropical Pacific deep convection and associated 477 

200 hPa zonal wind response are consistent with previous research and were the main factor 478 

driving the Atlantic TC response to ENSO, with secondary contributions from mid-479 

tropospheric RH. 480 
 481 
 482 

 Observations (1965-2020) WRF Historical Simulations 
ENSO 
state 

Climo EP El 
Niño 

CP El 
Niño 

La Niña Climo EP El 
Niño 

CP El 
Niño 

La Niña 

sample or 
ensemble 
size 

55 2 3 8 5 5 5 5 

ELI bin - East of 
180°E 

175°E-
180°E 

West of 
160°E 

- East of 
190°E 

175°E-
180°E 

West of 
160°E 

Number 
of TCs 

12.6 9.5 
(-24%) 

7.7 
(-40%) 

14.9 
(19%) 

20 9 
(-55%) 

12.2 
(-39%) 

21.6 
(8%) 

ACE 102.6 51.81 
(-50%) 

50.5 
(-51%) 

134 
(31%) 

120.7 50.5 
(-58%) 

67.1 
(-44%) 

134.2 
(11%) 

Table 3. Average values and percent change relative to climatology (in parentheses) in seasonal Atlantic 483 
number of TCs and ACE (104 kt2) from IBTrACS observations (left) and the historical WRF 484 
experiments (right). Each WRF experiment had a different SST forcing representing either La Niña, CP 485 
El Niño, or EP El Niño. The ELI bin and sample or ensemble size used to configure the SSTAs are 486 
shown. ENSO events during the years 1965-2020 were identified based on ASO ELI from ERSSTv5 487 
observations. 488 
 489 
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 490 
Fig. 5. Atlantic TC track density (TCs per 6-hours over the five-member ensemble) over June 1 – 491 
November 30 from the five-member ensemble of the WRF simulations under prescribed SST forcings 492 
representing (a, b) climatology, (c, d) EP El Niño, (e, f) CP El Niño, and (g, h) La Niña for the historical 493 
and future climates, respectively. 494 
 495 



20 
File generated with AMS Word template 2.0 

 496 
Fig. 6. Response in the Aug-Oct zonal 850 hPa to 200 hPa vertical wind shear (ms-1) from the historical 497 
climate (a) EP El Niño, (b) CP El Niño, and (c) La Niña simulations minus the historical climatology 498 
simulation and the future climate (d) EP El Niño, (e) CP El Niño, and (f) La Niña simulations minus 499 
the future climatology simulation, based on the 5-member ensemble of the WRF simulations. 500 
 501 

 502 
Fig. 7. Response in the Aug-Oct 700 hPa relative humidity (%) from the historical climate (a) EP El 503 
Niño, (b) CP El Niño, and (c) La Niña simulations minus the historical climatology simulation and the 504 
future climate (d) EP El Niño, (e) CP El Niño, and (f) La Niña simulations minus the future climatology 505 
simulation, based on the 5-member ensemble of WRF simulations. 506 
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c. Influence of Mean Climate Change on Atlantic TCs 507 

Before comparing the Atlantic TC response in each ENSO experiment between the future 508 

and historical climates, we analyzed the difference between the two climate states to try to 509 

separate the influences of mean climate change and changes in the ENSO teleconnection on 510 

Atlantic TCs. We found that mean-state climate change produces a decrease in future Atlantic 511 

TCs. The ensemble of future climatology simulations produced 14.8 Atlantic TCs per season, 512 

representing a 26% decrease from the 20 TCs per season in the historical climatology 513 

simulation (Tables 4 and 5 and Fig. 9a). We next investigated the connection between the TC 514 

response and large-scale environment and found a future decrease of 1-2% in 700 hPa RH over 515 

most of the Atlantic TC genesis region (Fig. 8c) and an increase of 1-5 ms-1 in VWS (Fig. 8b 516 

and d) over the Atlantic TC genesis region. These thermodynamic and dynamic changes make 517 

sense given the future change in mean-state SST toward more El Niño-like conditions (Fig. 8a) 518 

that support a future decrease in Atlantic TC activity. The 1-5 ms-1 future increase in VWS 519 

brought the ASO average VWS over the TC genesis region from 0-10 ms-1 for the historical to 520 

2.5-15 ms-1 in the future (not shown). This indicates that the future mean climate state has the 521 

potential to strongly influence future changes in Atlantic TCs during El Niño, given the future 522 

increase in VWS and decrease in RH. 523 

While Atlantic TC frequency decreased substantially in the future climatological 524 

simulation relative to the historical, seasonal Atlantic ACE decreased by a relatively moderate 525 

amount. The future simulations produced a 7% decrease in ACE (Table 4 and Fig. 9b), or an 526 

ensemble average of 113 104 kt2 in the future compared to 121 104 kt2 in the historical (Table 527 

5). Furthermore, the average ACE per TC increased by 26% in the future relative to the 528 

historical (Table 4). An increase in ACE per TC means that, on average, the TCs live longer 529 

and/or are more intense. We found more long-track and stronger TCs in the future simulation 530 

compared to the historical, with a primary influence from increasing TC intensity. These 531 

findings align with other research (e.g., Bengtsson et al., 2007) on future increases in TC 532 

intensity. 533 
 534 

 Climatology EP El Niño CP El Niño La Niña 
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 535 
seasonal Atlantic number of TCs and ACE (104 kt2), represented as the percentage change, calculated 536 
as (future - historical) / historical, from each five-member ensemble mean of the WRF TCM 537 
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experiments with prescribed SST representing climatology, EP El Niño, CP El Niño, and La Niña. This 538 
represents the TC response to mean climate change for a given ENSO state. 539 
 540 
 541 

Historical 
 Climatology EP El Niño CP El Niño La Niña 
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 
of TC count 

3.9 1.8 0.8 3.4 

Standard deviation 
of ACE 

22.3 15.2 11.9 31.4 

Future 
 Climatology EP El Niño CP El Niño La Niña 
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 
of TC count 

2.3 1.8 2.6 2.6 

Standard deviation 
of ACE 

26.9 15.6 28.6 49.1 

Table 5. Seasonal Atlantic TC count and ACE (104 kt2) from the five-member ensemble mean of the 542 
WRF experiments with prescribed SST representing climatology, EP El Niño, CP El Niño, and La Niña 543 
in the historical and future climates. The percent change in each of the TC metrics for each ENSO 544 
experiment with respect to the corresponding climate’s climatology is included in parentheses, which 545 
represents the TC response to ENSO for a given climate state. Standard deviation represents the 546 
variability between ensemble members. 547 
 548 

549 
Fig. 8. Future change in the Aug-Oct averaged (a) SST (°C), (b) 200 hPa zonal winds (ms-1), (c) 700 550 
hPa RH (%), and (d) vertical wind shear (ms-1) from the five-member ensemble of the climatological 551 
future minus historical WRF simulations. 552 
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 553 

Fig. 9. Boxplots of the seasonal Atlantic (a) number of TCs and (b) ACE (104 kt2) from the five-member 554 
ensemble of each WRF experiment representing different ENSO states in historical and future climates. 555 

 556 

d. Influence of ENSO on Atlantic TCs in a Future Climate 557 

The WRF TCM historical experiments demonstrated reasonable reliability in replicating 558 

the observed and simulated teleconnections between ENSO and Atlantic TC activity found in 559 

other research. In addition, the simulations have shown that if the CESM LENS is correct in 560 

predicting that the mean state SSTs will become more El Niño-like in the future, there could 561 

be a future reduction of Atlantic TCs under neutral ENSO conditions. These findings make 562 

sense based on the current understanding of ENSO and Atlantic TCs. Now we investigate 563 

possible changes in the ENSO-Atlantic TC teleconnection under the more El Niño-like future 564 

mean climate state.  565 

The first notable response in the future ENSO experiments is that each ENSO state 566 

experienced a substantial decrease in Atlantic TC frequency in the future relative to the 567 

historical (Table 5 and Figs. 5 and 9). This is most likely due to the mean state differences 568 

described in the previous section. Each ENSO simulation produced a decrease in Atlantic TCs 569 

and an increase in ACE per TC in the future compared to the historical climate (Table 5 and 570 

Fig. 9). These results make sense, as the prescribed future decrease in the zonal tropical Pacific 571 

SST gradient shifts the mean state towards more El Niño-like conditions in the future, which 572 

in turn decreases Atlantic TC frequency in all experiments due to an average VWS increase 573 

and RH decrease (Fig. 4). Similarly, the intensity and longevity of the TCs increased in the 574 

future on average, which may be associated with warmer SSTs. 575 
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Along with the mean decrease in Atlantic TC frequency and increase in TC intensity, the 576 

teleconnection ENSO currently has with Atlantic TC frequency remains relatively similar in 577 

the future (Table 5 and Fig. 10). Compared to each of their respective climate states (Table 5), 578 

the future EP El Niño still suppressed TCs (with a 66% and 55% decrease in the future and 579 

historical, respectively), the future CP El Niño still had a weaker TC suppression compared to 580 

EP El Niño (with a 34% and 39% decrease in the future and historical, respectively), and the 581 

future La Niña still slightly enhanced TC frequency (by 3% and 8% in the future and historical, 582 

respectively). Similar to the historical climate, the increase in the ensemble-mean number of 583 

TCs in the La Niña future simulation was less than one standard deviation above the ensemble-584 

mean number of TCs in the control future simulation.  The response in TC number to ENSO 585 

supports our finding that the location of tropical Pacific deep convection is a good indicator for 586 

ENSO’s influence on Atlantic TCs in both the historical and future climates, and that ENSO 587 

still impacts Atlantic VWS and 700 hPa RH (Figs. 6 and 7). Even with the ENSO - Atlantic 588 

TC teleconnection remaining similar in the future compared to the historical climate, it is worth 589 

noting that there were some relatively small differences. However, a larger ensemble would be 590 

needed to determine whether the differences are significant or associated primarily with 591 

internal atmospheric variability. 592 

So far, we have concluded that a future mean state change toward more El Niño-like 593 

conditions causes a general decrease in Atlantic TC frequency, with a response in 200 hPa 594 

winds, VWS (driven mostly by changes in upper-tropospheric winds, rather than lower-595 

tropospheric winds), and 700 hPa RH acting to reduce favorability for TCs. We have also 596 

determined that the ENSO-Atlantic TC teleconnection will be similar between the historical 597 

and future, with possible minor differences in strength. We now investigate whether the 598 

physical mechanisms that drive the teleconnection in the historical climate are also operating 599 

in the future climate. 600 

The VWS responses to ENSO in the future mirrored those in the historical simulations (Fig. 601 

6). For EP El Niño in both climates, there was a significant increase in VWS of 10 ms-1 or more 602 

over the Atlantic TC genesis region (Fig. 6a and d). In addition, CP El Niño in both climates 603 

produced a VWS increase of around 2-5 ms-1 (Fig. 6b and e), again consistent with the Atlantic 604 

TC response. The La Niña experiments for both climates produced a reduction of VWS of up 605 

to 5 ms-1 over most of the TC genesis region (Fig. 6c and f). These teleconnections suggest that 606 

VWS is still highly correlated with the Atlantic 200 hPa zonal wind response to climate change 607 
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(not shown), and therefore the extent to which zonal shifts in tropical Pacific deep convection 608 

impact VWS in the Atlantic. 609 

The 700 hPa RH response to ENSO was relatively similar in the historical and future 610 

experiments (Fig. 7). EP and CP El Niño produced a 1-5% reduction in RH over the Atlantic 611 

TC genesis region in both the historical and future climates. The small differences in the 612 

magnitude of the RH reduction between CP El Niño and EP El Niño once again indicate that 613 

VWS is the primary factor in the ENSO relationship with Atlantic TCs. La Niña produced a 1-614 

5% RH increase over the TC genesis region for both the future and historical climates.  615 

Overall, ENSO has a similar influence on VWS and 700 hPa RH in the future compared to 616 

the historical climate, and the location of tropical Pacific deep convection continues to have 617 

important implications for the Atlantic TC response to ENSO, most notably by impacting the 618 

200 hPa winds, which heavily influence VWS over the Atlantic. The response of VWS, 700 619 

hPa RH, and the 200 hPa zonal winds in the historical and future simulations supports the 620 

conclusion that the influence of ENSO alone (i.e., without considering mean-state climate 621 

change) on Atlantic TCs will be relatively similar between the historical and future climates. 622 
 623 

 624 
Fig. 10. Seasonal Atlantic (a) number of TCs and (b) ACE (104 kt2) expressed as percentages relative 625 
to the respective climatology from the five-member ensemble of WRF experiments representing 626 
different ENSO states in the historical and future climates. 627 
 628 

5. Discussion and Conclusions 629 

The teleconnection between ENSO and Atlantic TCs has historically provided a valuable 630 

source of seasonal TC predictability, however, it remains unknown how this teleconnection 631 

may change in the future in association with changes in both ENSO and the mean climate state. 632 
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It is not guaranteed that the ENSO-TC teleconnection will remain the same as the climate 633 

changes, given that there are thresholds and non-linearities in the climate system, for example, 634 

in the relationship between TCs and vertical wind shear. This research examines the importance 635 

of ENSO diversity and associated shifts in the Walker Circulation on Atlantic TCs in the 636 

historical climate and how this relationship might change in the future climate.  We used WRF 637 

tropical channel model simulations forced by SST patterns characteristic of the monthly-638 

varying climatology, Eastern Pacific El Niño, Central Pacific El Niño, and La Niña in historical 639 

and future climates. The SST patterns were derived from the CESM LENS simulations. The 640 

simulations were designed specifically to investigate changes in ENSO and the mean climate, 641 

and controlled for others factors important for Atlantic TC activity, such as Atlantic SST 642 

variability. 643 

We first investigated how ENSO and the mean-state SST changed in the future in the 644 

CESM LENS. We found a future weakening of the zonal tropical Pacific SST gradient, which 645 

represents more El Niño-like mean state conditions, consistent with other studies (An et al., 646 

2008; Cai et al., 2015; Fredriksen et al., 2020; Erickson et al., 2023). In addition, both El Niño 647 

and La Niña events during the peak Atlantic hurricane season became more frequent in the 648 

future in the CESM LENS. 649 

We then evaluated the observed relationship between ENSO and Atlantic TCs and found 650 

that the WRF simulations were able to reasonably reproduce such relationships. The historical 651 

simulations showed that the location of tropical Pacific deep convection strongly influenced 652 

the frequency of Atlantic TCs during ENSO, with stronger Atlantic TC suppression the farther 653 

eastward the tropical Pacific deep convection was located. This relationship was generally seen 654 

in observations, but is harder to quantify due to the short observational record combined with 655 

the influence of factors aside from ENSO, such as Atlantic SST variability, which were 656 

controlled for in our WRF experiments. Furthermore, the primary observed physical 657 

mechanisms for the ENSO-TC teleconnection were replicated well by the model, as vertical 658 

wind shear and relative humidity were both impacted by ENSO via zonal shifts in tropical 659 

Pacific deep convection. Of the two, vertical wind shear was the primary factor that drove the 660 

Atlantic TC frequency response to ENSO in our simulations. 661 

We investigated the influence of ENSO on Atlantic TCs in a changing climate by first 662 

attempting to isolate the role of changes in the mean climate state. We found that future changes 663 

in the mean climate, including a weakening of the zonal tropical Pacific SST gradient, reduced 664 

Atlantic TC activity regardless of ENSO conditions. Under neutral ENSO conditions, Atlantic 665 
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TC frequency was reduced by 26% in the future relative to the historical. Future research 666 

investigating different possible future outcomes of ENSO and the zonal tropical Pacific SST 667 

gradient change (e.g. Seager et al., 2019; Sobel et al., 2023) would be useful to build upon this 668 

study, given the uncertainties in both. This could include simulations in which the tropical 669 

Pacific zonal SST gradient strengthened (became more La Niña-like), stayed the same, and 670 

weakened more strongly than in the CESM LENS (became even more El Niño-like). Since 671 

future ENSO projections are also uncertain, testing different future ENSO possibilities would 672 

improve our understanding, especially since the CESM LENS future trend to more El Niño-673 

like conditions is not as strong as some other models represented in CMIP6 (Erickson & 674 

Patricola, 2023). 675 

Finally, the future simulations showed that the current ENSO - Atlantic TC relationship 676 

holds in the future and provided strong evidence for the continued importance of zonal shifts 677 

in tropical Pacific deep convection. In particular, we investigated the future ENSO 678 

teleconnection with Atlantic TCs and found it to be similar to that in the historical simulations. 679 

We found that in a future with a decreasing zonal tropical Pacific SST gradient, ENSO’s 680 

influence on Atlantic TC frequency will still strongly depend on zonal shifts in tropical Pacific 681 

deep convection. Atlantic TC frequency responded significantly to zonal shifts in tropical 682 

Pacific deep convection in the future, with El Niño suppressing TCs and La Niña enhancing 683 

them. Furthermore, the diversity in El Niño remained an important factor in the ENSO - 684 

Atlantic TC relationship, with Eastern Pacific El Niño suppressing Atlantic TCs more strongly 685 

than Central Pacific El Niño in the future climate simulations, as in the historical climate 686 

simulations. This suggests that the ENSO Longitude Index (ELI), which captures ENSO 687 

diversity and represents the tropical Pacific deep convection shifts that determine ENSO’s 688 

teleconnections with Atlantic TCs, will be useful in characterizing ENSO’s influence on 689 

Atlantic TCs in future climates.  690 

Even though the historical ENSO - Atlantic TC teleconnection was relatively similar in the 691 

future, we found slight differences in the magnitude that could be due to internal atmospheric 692 

variability. To determine whether there are significant differences in the future ENSO-TC 693 

teleconnection, a larger ensemble of TC-permitting simulations would be required. While 694 

additional ensemble members could not be performed in this study due to the computational 695 

costs, we note that five ensemble members were sufficient in determining the general future 696 

ENSO-TC relationship (J. Lee et al. 2021). To provide further support for the ensemble size, 697 

we tested whether a 5-member ensemble would be sufficient by randomly resampling 5 698 
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members of the 22-member ensemble of simulations forced by EP El Niño, CP El Niño, and 699 

the monthly-varying climatological SST from Patricola et al. (2016).  We performed the 700 

random resampling 1,000 times and calculated the percent change in Atlantic TC number in 701 

response to each EP El Niño and CP El Niño. Results from the resampling indicate that a 5-702 

member ensemble is suitable for this type of study.  Based on the full 22-member ensembles, 703 

Atlantic TC number decreased in response to both EP El Niño and CP El Niño relative to the 704 

control simulation.  When the data was resampled to a sample size of 5, only three out of the 705 

1,000 resamples (0.3%) produced an increase or no change in Atlantic TC number for EP El 706 

Niño, and 46 of the 1,000 resamples (4.6%) produced an increase or no change in Atlantic TC 707 

number for CP El Niño.  We highlight that the 5-member ensembles from this study produced 708 

a response in Atlantic TC number to both EP and CP El Niño that is consistent with the response 709 

in the 22-member ensemble from Patricola et al. (2016).   710 

In addition, it would be useful to investigate future ENSO-TC teleconnections using the 711 

suite of global model simulations that participated in CMIP6 in order to capture differences in 712 

future projections of ENSO. It would be a substantial computational expense to do so using a 713 

similar TC-permitting dynamical modeling methodology as in this study. However, such an 714 

investigation would be more feasible with statistical-dynamical models such as the Columbia 715 

Hazard model (CHAZ; C. Lee et al. 2018) and is planned for future work.  Furthermore, it 716 

would be useful to perform additional dynamical model simulations, such as those performed 717 

in this study, forced with SST patterns from additional large-ensemble simulations including 718 

those from the Multi-Model Large Ensemble Archive (Deser et al. 2020).  This would enable 719 

investigation of how different future projections of both ENSO and the mean-state SST could 720 

impact the ENSO-Atlantic TC teleconnection in the future. Indeed, the importance of using 721 

both multi-models and large-ensembles for future ENSO projection has been highlighted 722 

recently by Maher et al. (2023). Using 14 single model initial-condition large ensembles, they 723 

demonstrated that different future changes in ENSO and the tropical Pacific arise from 724 

differences between the models, and not just internal variability. Such ENSO projections can 725 

be especially useful to provide estimates of future changes in the frequency of ENSO events. 726 

We note that our study investigated the future ENSO – Atlantic TC teleconnection without 727 

making assumptions about future changes in the frequency of ENSO. Our simulations instead 728 

investigated the teleconnection given ENSO conditions in the historical and future climates. 729 

This approach provides useful information about the future ENSO – Atlantic TC teleconnection 730 

despite the uncertainty in the frequency of ENSO events in the future. 731 
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In conclusion, we found that although the ENSO - Atlantic TC relationship of the historical 732 

climate is maintained into the future, a future mean state change toward more El Niño-like 733 

conditions drove a substantial decrease (26%) in future Atlantic TC frequency. In addition, we 734 

found that the location of tropical Pacific deep convection, and its influence on tropical Atlantic 735 

vertical wind shear, remained the most important factor in ENSO’s influence on Atlantic TCs 736 

in the future. This relationship emerged as one of the most important factors in determining 737 

whether Atlantic TC frequency would increase or decrease in the future. How ENSO will 738 

change is one important factor in determining how Atlantic TC frequency may change in the 739 

future, as further highlighted by this research. In attempting to reduce uncertainty in future 740 

projections of Atlantic TC frequency, reliable projections of future changes in both ENSO and 741 

the zonal tropical Pacific SST gradient are among the leading factors to solving this complex 742 

problem. 743 
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