
1.  Introduction
El Niño-Southern Oscillation (ENSO) is the primary source for interannual variability over the tropical Pacific, 
with wide-raging impacts on the global climate (Clarke, 2008; Philander, 1990; Sarachik & Cane, 2010). It is 
well accepted that ENSO can effectively modulate global tropical cyclone (TC) activity by altering the large-scale 
atmospheric and oceanic conditions (Camargo et al., 2010; Chan, 2000; Chand et al., 2013; Lander, 1994; Sobel 
et al., 2016; B. Wang & Chan, 2002; see Lin et al., 2020 for a review). For example, El Niño years tend to suppress 
TC activity in the North Atlantic and shift the TC genesis in the North Pacific toward the international date line, 
while La Nina years have the opposite effect (Bell et al., 2014; Camargo et al., 2007).

ENSO is typically framed as a neutrally stable natural mode of oscillation resulting from tropical ocean-atmosphere 
interactions, sustained and diversified by stochastic atmospheric forcing (Fedorov & Philander,  2000,  2001; 
Kessler, 2002; Philander & Fedorov, 2003; Thompson & Battisti, 2001). It has been argued that ENSO char-
acteristics depend on the initial ocean state, the timing and strength of westerly wind bursts (WWBs), and the 
subsequent ocean-atmosphere interactions involving Kelvin wave propagation and warm pool expansion related 
to discharge and recharge of ocean heat content (Fedorov et al., 2015; Gebbie et al., 2007; Jin, 1997; Lengaigne 
et al., 2004; Lopez et al., 2013). All these critical factors are closely associated with TCs: TCs can contribute 
to a recharge of heat in the equatorial Pacific Ocean by increasing the upper ocean heat content via vertical 
mixing and downwelling motion (Emanuel, 2001; Fedorov et al., 2010; Li & Sriver, 2016, 2018; Li et al., 2022). 
Additionally, TCs are associated with the majority of WWBs over the equatorial Pacific that can affect ENSO 
(Harrison & Giese, 1991; Hartten, 1996; Keen, 1982; Lian et al., 2018; Liang & Fedorov, 2021).
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The possibility of TCs' contribution to ENSO was first suggested by Sobel and Camargo (2005) and Camargo 
and Sobel (2005). Sobel and Camargo (2005) came up with the hypothesis that, in an El Niño year, stronger and 
longer-lived TCs that occur in the western tropical Pacific before the El Niño peak can enhance surface westerly 
anomalies there and subsequently increase the SST in the central and eastern equatorial Pacific, which helps to 
strengthen the incipient El Niño. Camargo and Sobel (2005) found significant correlations when the TC accumu-
lated cyclone energy leads the Niño indices up to 6 months, pointing to TCs' contribution to a developing El Niño. 
Lian et al. (2019) used an intermediate coupled model with prescribed synthetic TC winds and found that TCs can 
add to the irregularity of ENSO and largely determine the magnitude and even the final state of the ENSO events. 
Q. Y. Wang et al. (2019) systematically studied the important role of western North Pacific TC activity in ENSO 
intensity on interannual timescales using observations and an intermediate-complexity model. They revealed two 
pathways that TCs affect ENSO on interannual timescales, by weakening the Walker Circulation and reducing 
the equatorial Pacific zonal thermocline gradient. They also found that feedback of the western North Pacific TCs 
can affect El Niño diversity (Q. Wang & Li, 2022).

Yet, no study to date has examined how the climatological presence of TCs in fully coupled Earth system models 
can be essential to producing ENSO characteristics. Understanding this TCs' contribution to ENSO is of great 
importance to how we view climatological processes and multi-scale interactions in the climate system. It is 
particularly relevant to today's generation of high-resolution climate modeling at TC-permitting resolution (i.e., 
finer than 25 km atmosphere grid spacing) where TCs are spontaneously simulated, and their impacts are inher-
ently embedded within the modeled climate. The models' self-generated TCs may leave their marks on the simu-
lated climate mean state, variability, and change under future warming (Li & Sriver, 2016, 2018; Li et al., 2022).

Given these potentially prominent roles of TCs in the climate system, here we aim to explore the impact of TC 
winds on the characteristics of ENSO and investigate the dynamical mechanisms in the context of a coupled Earth 
system model. Using the Community Earth System Model version 1.3 (CESM1.3), we design an experiment 
where we isolate TCs' impact by introducing realistic transient TC wind forcing extracted from a TC-permitting 
high-resolution atmospheric model at 0.25° horizontal resolution into a fully coupled lower resolution climate 
model at 1° resolution (“LR-TC”) that does not inherently have TC strength winds (“LR-ctrl”), and these results 
are compared to two high-resolution coupled simulations with intrinsic TCs (“HR”—0.25° atmosphere coupled 
to 1° ocean, and “HR_0.1”–0.25° atmosphere coupled to 0.1° ocean) (see Section 2). In a companion study (Li 
et al., 2022), we found that the added TC winds can have a broad impact on the large-scale climate. Particularly, 
the TC winds increase the equatorial upper ocean heat content, causing a warm temperature anomaly in the eastern 
equatorial Pacific, conducive to an El Niño-like SST pattern (Figures S1 and S3 in Supporting Information S1).

2.  Model and Data
The model configuration and experiment design are described in detail in Li et al. (2022) and Text S1 in Support-
ing Information S1. Here we emphasize the most relevant aspects. We use two configurations the fully coupled 
CESM1.3 (Meehl et al., 2019) that differ in horizontal resolution. The first is a high-resolution configuration with 
a 0.25° “TC-permitting” atmosphere and 1° ocean (named “HR”), capable of simulating a realistic TC climatol-
ogy and near-surface TC wind structure, that is used to provide TC wind forcing. The second is a low-resolution 
configuration with a nominal 1° atmosphere and 1° ocean (“LR”) that is used for the main experiments. LR on 
average simulates around 11.4 TC-like storms globally per year, with no storm beyond Category 2 intensity, and 
with negligible impact on the ocean surface (Figure S2 in Supporting Information S1). We therefore regard the 
LR as a control climate (named “LR-ctrl”) without strong TC winds' impact.

We extract surface TC winds from HR and prescribe the corresponding TC wind stress into the LR (named 
“LR-TC”). We use the TempestExtremes tracking algorithm (Ullrich & Zarzycki, 2017; Ullrich et al., 2021) for 
TC detection and tracking in HR. The tracked TC statistics are in general agreement with the observations, with 
an average of 88 global TCs annually, comparable to the observed 95 (Figure S1 in Supporting Information S1). 
Details of the TC statistics are described in Supporting Information S1 (Text S2).

For each detected TC day in HR, we take a 20° × 20° snapshot of the surface winds surrounding the TC center 
and calculate the corresponding surface wind stress offline. We then prescribe the TC wind stress into LR-TC as 
the model integrates. The prescribed TC wind stress preserves the timings and locations of each TC exactly as 
in the HR. LR-TC is the same as LR-ctrl except for the added TC wind stress, their differences therefore would 
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reveal the impact of TC winds on the simulated climate. All simulations are run with the preindustrial climate 
conditions for 100 years.

The simulated ENSO statistics are compared with the observation-based NOAA Extended Reconstructed Sea 
Surface Temperature (SST) V5 (ERSSTv5) reanalysis (Huang & Thorne, 2017) for the period of 1920–2018, 
as well as with another CESM1.3 high-resolution preindustrial simulation with 0.25° atmosphere and 0.1° 
eddy-resolving ocean (“HR_0.1”) (Chang et al., 2020).

3.  Results
3.1.  ENSO Statistics

Figures 1a and 1b show the time series of the monthly Niño 3.4 index in the LR-ctrl and LR-TC during the 
100-year simulation. The LR-TC exhibits a stronger variability in the Niño 3.4 index and has more extreme 
ENSO events. The variability of the Niño 4 index also increases, but the changes are smaller than that of Niño 
3.4 (Figure S4 in Supporting Information S1). The two models both feature ENSO phase-locking with the vari-
ance peaking toward the end of the calendar year (Figure 1c) (e.g., Ham & Kug, 2014; Harrison & Vecchi, 1999; 
Tziperman et  al.,  1997,  1998), though the timing of the peak in the models lags that in the observations by 
1 month (December vs. the following January). Note that LR-TC has larger variance, and the seasonal cycle is 
more in line with the observations. It is possible that the added TC winds can affect the timing and strength of the 
coupled instability, and subsequently its seasonally varying amplification of Rossby and Kelvin ocean waves that 
are important for ENSO phase-locking (An & Wang, 2001; Tziperman et al., 1998).

The power spectrum of the Niño 3.4 index (Figure 1d) shows that the ENSO cycle in the observations and the 
model simulations spans a similar range of 2–7 years. The observed ENSO signal during 1920–2018 peaks at 
about 5 years, with a secondary peak at ∼4 years. In comparison, the LR-ctrl shows a primary peak at 4 years, 
and the HR (with intrinsic TCs) shows a peak closer to 5 years. Meanwhile, the ENSO frequency in HR_0.1 
(0.25° atmosphere and 0.1° eddy-resolving ocean) is comparable to the observed with a slight shift toward a 
lower frequency. This suggests that the LR-ctrl without TCs is biased toward a higher ENSO frequency, the HR 
with intrinsic TCs can shift the ENSO frequency toward the observed, and the HR_0.1 with eddy resolving ocean 
model makes the ENSO frequency even closer to the observed. On the other hand, with the added TC winds, the 
shape of the power spectrum in the LR-TC becomes more like the observations—with a primary peak at 5 years 
and a secondary peak at 4 years. This indicates that TC winds can enhance ENSO power and mitigate the model 
bias in ENSO frequency. Therefore, we could conclude that both atmosphere and ocean resolution can influence 
the simulated ENSO frequency and power, and TCs play a critical role in determining the ENSO frequency.

TCs' influence on ENSO frequency is likely due to the changes of the background mean state, particularly the 
upper ocean thermal structure in the tropical Pacific. LR-TC shows a reduced upper ocean zonal thermal gradient 
and a relaxed trade wind intensity (Figure S3 in Supporting Information S1), which likely contribute to the shift 
toward a lower ENSO frequency (An et al., 2008; Deng et al., 2010; Fedorov & Philander, 2000, 2001).

An increase of El Niño extremes is found in the LR-TC. During the 100-year simulation, the LR-ctrl has 23 El 
Niño events (defined as when Niño 3.4 ≥ 0.5°C), including 5 strong events (Niño 3.4 ≥ 1.5°C) and 2 extreme 
events (Niño 3.4 ≥ 2°C). The LR-TC also has 23 El Niño events, with 4 strong events and, remarkably, 6 extreme 
events—which is more consistent with the observations. The extreme El Niño in LR-TC are manifested as excep-
tionally warm equatorial SST anomalies (referenced to the long-term-mean monthly climatology in the respective 
simulations, averaged over 2°S–2°N for each El Niño from December to the following February) that span across 
the central to eastern equatorial Pacific, as shown in Figure 1e. In comparison, TCs' impact on La Nina is rela-
tively small in the simulations (Figure S5 in Supporting Information S1). We therefore focus the analysis on El 
Niño in the following sections.

3.2.  Impact of TC Winds on El Niño Characteristics

How does the modeled El Niño in LR-TC relate to the added TC forcing? We first examine the relationship 
between the strong El Niño events and the near-equatorial TCs, which are considered as TC days occurring within 
12°N–12°S over the western-to-central Pacific (120°E–200°E). The modeled 6-hourly TC occurrences within 
this region account for 5% of the global total, which is comparable with the observed 6%. Using a similar method 
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as in Lian et al. (2019), we find that 45% of these TC days are associated with increased westerly wind anomalies 
(defined as westerly anomalies stronger than 3 m/s and within 2° longitudinal distance from the TC center) and 
can potentially affect El Niño. TC wind forcing is quantified using the TC power dissipation index (PDI), defined 

as ∫ �
0 � 3

max�� , where Vmax is the maximum surface wind speed at a given time of a storm, and 𝐴𝐴 𝐴𝐴  is the lifetime 

Figure 1.  (a), (b) Niño3.4 time series in (a) the LR-ctrl and (b) the LR-TC. (c) Monthly standard deviation of the Niño3.4 time series in the ERSSTv5 reanalysis for 
the period of 1920–2018 (black), in the 100-year LR-ctrl (blue) and the LR-TC (red). (d) Power spectrum of the Niño3.4 index in the ERSSTv5 reanalysis (black) for 
the period of 1920–2018, in the 100-year LR-ctrl (blue), the LR-TC (red), the HR (green), and the HR_0.1 with eddy resolving ocean (orange). Note that the ENSO 
frequency in the ERSSTv5 and the LR-TC peaks at ∼5 year/cycle, while the control run peaks at 4 year/cycle. The comparisons reveal the impact of model resolution 
and TCs on ENSO frequency. (e) SST anomalies along the equatorial Pacific (averaged over 2°S–2°N) for each El Niño event in the LR-ctrl (blue) and the LR-TC (red). 
The SST anomalies are averaged over December to the following February. The color saturation, from light to dark, are sorted by the magnitude of the Niño3.4 index. 
(f) Scatterplot of the Niño3.4 index of strong El Niño events (Niño3.4 index ≥1.5) against the TC power dissipation index (TC PDI) integrated from May to December 
over the west equatorial Pacific (12°S–12°N, 120°E–200°E). PDI is scaled by 2.1 × 10 −4. The solid black line indicates the regression fit; The blue shading represents 
the 95% confidence interval of the regression, and the dashed black lines indicate 95% prediction interval. The Pearson correlation coefficient (r), and the p-value (p) of 
the regression are denoted in the figure.
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of the TC event (Emanuel, 2005). The annual mean PDI within the near-equatorial western Pacific is generally 
consistent between the model (9.39 × 10 10 m 3s −2) and the observations (9.55 × 10 10 m 3s −2).

Figure 1f shows the scatter plot of the strength of each strong El Niño event against the integrated PDI of the 
near-equatorial western Pacific TCs. The TC PDI is integrated from May to December during each El Niño devel-
oping year. A strong positive correlation is identified with a correlation coefficient of 0.96. Note that the strongest 
event with an exceptionally high Niño index of 3.8°C also corresponds to the highest TC wind power. Remov-
ing the strongest event still yields a significant correlation of 0.87 (Figure S6 in Supporting Information S1). 
Since the added TCs in LR-TC do not depend on or respond to the modeled El Niño, this strong correlation 
indicates  that TCs can significantly affect the strength of El Niño events. However, this significant correlation is 
valid only for the strong El Niño events—no discernable linear relationship is found between TCs and the weak to 
moderate events (correlation coefficient of 0.29). This suggests that TCs act to reinforce the strength of a devel-
oping El Niño provided sufficiently favorable conditions, such as a recharged ocean initial state and an extended 
warm pool edge (Figure S6 in Supporting Information S1), while their impact on weak El Niño events is limited.

TCs' impact on El Niño is further diagnosed via composite analysis of the evolution of SST, thermocline depth, 
and surface zonal current anomalies (Figure 2). The composite near-equatorial TC PDI (within 12°S–12°N) are 
overlaid on top of the model differences (Figures 2c, 2f, and 2i). Compared to the LR-ctrl, the LR-TC has warmer 
SST during the El Niño peak season (November–February) across the central to eastern Pacific (150°E–90°W), 
indicative of a higher average El Niño strength. Note that LR-TC continues to be warmer than the LR-ctrl over 
the eastern equatorial Pacific at the end of the El Niño cycle, which occurs concomitantly with TC wind forcing 
during the following TC season.

The enhanced El Niño SST is consistent with the deeper thermocline anomalies that originate from the western 
Pacific and propagate eastward as the El Niño develops. The thermocline deepening is closely associated with 
the added TC winds (Figure 2f). To demonstrate the processes leading to the deepening of the thermocline, we 
conduct two case studies of the LR-TC, where we analyze the daily SST and thermocline depth anomalies and 
examine their connection to the near-equatorial TCs (Figure 3). The thermocline depth anomalies are filtered by a 
20–100-day band pass to highlight the oceanic waves (Roundy & Kiladis, 2006). It is found that the early season 
TC winds over the western Pacific, acting as WWBs, can excite eastward-propagating downwelling Kelvin waves, 
leading to deeper equatorial thermocline and subsequent warming in the eastern equatorial Pacific. Meanwhile, 
the TC winds in the central to eastern Pacific can also excite westward upwelling Rossby waves. Such dynam-
ics are similar to that found in the studies using intermediate-complexity coupled models in Lian et al. (2019),  
Q. Y. Wang et al. (2019), and Q. Wang and Li (2022). In addition, TC winds also cause strong surface wind stress 
(Figure S7 in Supporting Information S1) and eastward surface ocean currents (Figure 2i), critical for El Niño 
growth.

3.3.  Impact of TC Winds on El Niño Dynamics

TCs' impact on El Niño dynamics is further investigated using a heat budget analysis of the ocean mixed layer 
temperature. Similar to Kug et al. (2009) and Kang et al. (2001), the temperature tendency is derived as:

𝜕𝜕𝜕𝜕
′

𝜕𝜕𝜕𝜕
= −𝑢𝑢

′ 𝜕𝜕𝑇𝑇

𝜕𝜕𝜕𝜕
− 𝑣𝑣

′ 𝜕𝜕𝑇𝑇
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−𝑤𝑤
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− 𝑣𝑣

′ 𝜕𝜕𝜕𝜕
′

𝜕𝜕𝜕𝜕
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where T is the average temperature in the upper 50 m, u, and v indicate zonal and meridional current, w is the 
vertical velocity at the bottom of the mixed layer. Overbars and primes indicate monthly climatology and anom-
alies, respectively. R is the residual term. All the variables are averaged over the equatorial band of 2°S–2°N. 
We focus on the thermocline feedback term (−��� ′

��
 ) and the zonal advection feedback term ( −�′ ��

��
 ), which are 

two major contributors to El Niño development (Jin et al., 2006; Ren & Jin, 2013), and are closely related to the 
TC-induced anomalies in thermocline depth and zonal current (Figure 2).

Figures 4a–4c show the composite Hovmoller diagrams of the thermocline feedback in both models and their 
differences. Both models show enhanced thermocline feedback over the eastern equatorial Pacific during El 
Niño development. Compared to LR-ctrl, the thermocline feedback in the LR-TC is increased by ∼20% during 
the El Niño peak season. The stronger thermocline feedback in the LR-TC generally co-occurs with enhanced 
TC wind power and closely follows the thermocline depth anomalies (Figure 2f), which confirms the impact of 
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Figure 2.  Composite Hovmoller diagrams of the equatorial Pacific (averaged over 2°S–2°N) (a)–(c) SST, (d)–(f) thermocline depth (defined as the depth of the largest 
temperature gradient) and (g)–(i) surface zonal current anomalies during El Niño events in the (a, d, g) LR-ctrl, (b, e, h) the LR-TC, and (c, f, i) their differences. The 
anomalies are calculated using the detrended data and are referenced to the long-term mean monthly climatology in the respective simulations. The gray contours in the 
right most columns represent the monthly integrated near-equatorial TC wind power (PDI, scaled by 2.1 × 10 −8).
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Figure 3.  Case studies of El Niño events in LR-TC. Hovmoller diagrams of equatorial daily (a), (c) SST anomalies and (b), (d) thermocline depth anomalies in two 
El Niño events in the LR-TC. The anomalies are referenced to the long-term mean daily climatology. The thermocline depth anomalies are filtered with a band pass 
of 20–100 days. The black circles indicate the occurrences of the near-equatorial TC days. The event at the top is followed by another El Niño—the strongest extreme 
event in the LR-TC. Note that the early season TCs in the western Pacific excite eastward Kelvin waves.
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TC-induced thermocline deepening on El Niño growth. In addition, at the end of the El Niño life cycle when the 
equatorial thermocline shoals, TC-induced local thermocline deepening can reduce the associated SST cooling, 
affecting the transition to another ENSO state.

The zonal advection feedback in LR-TC is also increased (Figures 3d–3f). The model differences in the zonal 
advection feedback are comparable in magnitude to that in the thermocline feedback. The enhanced zonal advection 
feedback is attributed to the stronger eastward currents associated with the TCs in LR-TC (Figure 2i),  and the 
increase of the feedback is mainly in the central equatorial Pacific during the El Niño developing phase.

Figure 4.  Composite Hovmoller diagrams of the (a)–(c) thermocline feedback term (TCF) and the (d)–(f) zonal advection feedback term (ZAF) in the SST tendency 
equation in the (a), (d) control simulation, (b), (e) TC simulation, and (c), (f) their differences (unit: °C/month). The black contours in the right most columns represent 
the integrated near-equatorial TC wind power (TC PDI, scaled by 2.1 × 10 −8).
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4.  Conclusions
We investigate the climatological impact of TC winds on ENSO using a suite of simulations with a fully coupled 
Earth system model. The impact of TC winds is isolated by prescribing TC surface wind stress, extracted from a 
high-resolution TC permitting model, into a 1°model that has no intrinsic near-equatorial strong TCs. We show 
that the added TC winds can shift ENSO frequency, improve ENSO phase-locking, and enhance El Niño strength, 
bringing all in closer agreement with observations. TCs' influences on ENSO frequency and phase-locking are 
likely through their climatological impact on the background mean state, particularly the upper ocean thermal 
structure in the tropical Pacific. The dynamical processes and the dependence on TC characteristics need to be 
addressed in future studies. Additionally, we find that the integrated TC wind power correlates with the strong El 
Niño. TCs' impact on El Niño is manifested in the warmer eastern equatorial Pacific SST, eastward-propagating 
thermocline deepening, and enhanced eastward wind stress and surface current. We find that these TC-induced 
climatological changes are essential to El Niño dynamics through enhanced thermocline feedback and zonal 
advection feedback. This study verified in a fully coupled comprehensive Earth system model that the TCs are 
active participants in ENSO dynamics, as first hypothesized by Sobel and Camargo (2005) and Camargo and 
Sobel (2005).

An important aspect of TCs' climatological influence on El Niño is their synergetic annual cycle. The early 
season TCs in the near-equatorial western Pacific contribute to stronger WWBs, critical for El Niño development; 
eastern Pacific TC season during May–October brings increased near-equatorial TC winds, priming a deeper 
and warmer thermocline that enhances the thermocline feedback as El Niño approaches the peak; their effect 
continues in the following TC season as El Nino dissipates, affecting the transition to the next ENSO state. The 
influence of the synergetic annual cycle on ENSO dynamics is worth further investigations.

In the real world where ENSO has a strong modulation on TCs, our results suggest that a previously unidentified 
positive feedback mechanism likely exists between the climatological TCs and the observed ENSO character-
istics. For example, during El Niño years, especially the stronger eastern Pacific El Niño type, enhanced TC 
activity often occurs in the near-equator central-to-eastern Pacific (i.e., Lin et al., 2020). Results in this study 
suggest that this may be a result of mutual enhancements—El Niño creates favorable conditions for TCs, and TCs 
provide fuel for El Niño through a series of ocean-atmosphere interactions. If TCs were not a part of the climate 
system, this feedback would be non-existent, and ENSO may not perform as we observe it today. However, since 
the TC surface winds are added directly at the air-sea interface in the model, the associated convective processes 
are not accounted for. An intriguing next step is to examine the impact of TC convection and precipitation on 
ENSO-related environmental factors and further investigate the feedback mechanisms. In addition, results from 
the current study are based on a single Earth system model. Investigation on model dependence is needed in 
future studies.

The model experiment in this study allows an isolation of the impact of TC winds on ENSO from their interwo-
ven two-way interaction, which is difficult to achieve in observational studies. The experiment uses TCs winds 
extracted from the high-resolution TC-permitting model to mimic the model behavior where the impact of the 
models' self-generated TCs are implicitly included. Our findings about TCs' climatological role in shaping ENSO 
characteristic therefore have important implications for understanding not only the role TCs play in general in the 
climate system, but also the uncertainties of the simulated ENSO characteristics in the high-resolution models 
in  current and future climate.

Data Availability Statement
The observation-based NOAA Extended Reconstructed Sea Surface Temperature (SST) V5 (ERSSTv5) reanaly-
sis data is available at https://www.ncei.noaa.gov/products/extended-reconstructed-sst. The analysis code devel-
oped for this study is available at https://github.com/huili77/TC_ENSO/. Data products created for this study is 
made available open source on Zenodo (https://doi.org/10.5281/zenodo.7236208).
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