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The ENSO-TC relationship
Ø ENSO can effectively modulate global tropical cyclone (TC) activity by altering the 

large-scale atmospheric and oceanic conditions.

TCs’ impact on ENSO?
ØENSO dynamics: 
ENSO is suggested as a neutrally-stable natural mode of oscillation
resulting from ocean-atmosphere interactions, sustained by 
stochastic atmospheric forcing. (i.e., Fedorov and Philander 2000, 2001; 
Kessler 2002; Thompson and Battisti 2000, 2001).

Ø ENSO characteristics depend on:
• The ocean state
• The westerly wind bursts (WWBs)
• Kelvin wave propagation and warm pool expansion. 

TCs can influence just the 
right ingredients for ENSO

380 EL NIÑO SOUTHERN OSCILLATION IN A CHANGING CLIMATE

More recently, Du et al. (2011) attributed the reduction 
of TCs during El Niño decaying years to a teleconnection 
from the Indian Ocean. Because El Niño can induce 
warming in the tropical Indian Ocean, a warm tropo-
spheric Kelvin wave can propagate back into the WNP to 
contribute to the development of the anomalous anticy-
clone mentioned above (Wang et al., 2000) and an increase 
in VWS to suppress TC formation. Yu et al. (2016) and Li 
et  al. (2017) suggested another possible route via the 
tropical North Atlantic Ocean. An El Niño event can 
first warm the tropical North Atlantic and then influence 
the tropical Indian Ocean, and subsequently affect WNP 
TCs in the El Niño decaying year.

The increase in TC frequency during El Niño years 
(Figures 17.2 and 17.3a) is associated with the increase in 
TC activity and genesis in the southeast (SE) quadrant of 
WNP. Chan (1985) found that TC activity in this region is 
anticorrelated with the SOI, suggesting that more TCs 

are expected to form during El Niño years (Figure 
17.3bc), as corroborated in subsequent studies (Dong, 
1988; Lander, 1994; Chen et al., 1998; Chan, 2000; Chia 
& Ropelewski, 2002; Wang & Chan, 2002; Li & Zhou, 
2012; Wang et al., 2013). The enhancement over SE WNP 
was attributed to favorable atmospheric conditions, i.e. 
increased low‐level vorticity (Wang & Chan, 2002), 
reduced VWS, and an expanded monsoon trough (Chen 
et al., 1998; Chia & Ropelewski, 2002; Li & Zhou, 2012). 
Many of the above studies also showed that for La Niña 
years, the area with increased TC genesis is shifted toward 
the northwest (NW) WNP (Figure 17.3bc).

17.2.2.2. TC Genesis, Track, and Life Span
The aforementioned SE‐NW shift in the TC genesis 

locations (Chan, 2000; Wang & Chan, 2002; Wang et al., 
2013) also contributes to notable track changes. In El 
Niño years, TCs form in the southeast, moving toward 
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Figure 17.2 Tropical cyclone track density anomaly maps during May–November in the Northern Hemisphere 
and October–May in the Southern Hemisphere. Data source: IBTrACSv03r10. Track density is based on storm tran-
sits/month/106 km2 or equivalent to a 5° radius). (a) El Niño years minus 1979–2010 climatology. (b) La Niña years 
minus 1979–2010 climatology. (c) EP El Niño years minus 1979–2010 climatology. (d) CP El Niño years minus 
1979–2010 climatology.(a) and (b) are reproduced following the original figure and style of Bell et al. (2014) (© 
American Meteorological Society. Used with permission). (c) and (d) are added to illustrate the different impact 
from EP and CP El Niño events. The definition of different ENSO years is from Patricola et al. (2016). El Niño years 
are 1982, 1986, 1987, 1991, 1994, 1997, 2001, 2002, 2004. La Niña years are 1988, 1998, 2010. EP El Niño 
years are 1982, 1987, 1997. CP El Niño years are 1986, 1991, 1994, 2001, 2002, 2004. (Courtesy of Dan Fu)

Lin et al., 2020



• The initial ocean state – TCs can impact the tropical Pacific ocean heat 
content through enhanced ocean vertical mixing.

• The westerly wind bursts (WWBs) - - The majority 
of the near-equator TCs are associated with WWBs

• TCs can excite equatorial Kelvin waves that deepen
the equatorial thermocline.
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Tropical cyclones are relatively rare weather
events, yet they consistently rank among the
world’s deadliest and costliest natural haz-
ards. In the United States, tropical cyclones
account for nearly $10 billion annually in
economic damages (1), and damages from
Hurricane Sandy (2012) are estimated to be
over $50 billion. Understanding the role of
these events within Earth’s climate system is
of paramount importance to improving cli-
mate change projections and for constructing
sound hazard assessments and adaptation
strategies (2).
The relationship between tropical cyclone

activity and global warming is a controversial
topic. Observational evidence suggests vari-
ability in sea surface temperature is linked to
changes in tropical cyclone activity (3–5).
However, questions about the effect of global
warming on tropical cyclones are not fully
answered, and projections of the response
of tropical cyclones to future climate change

have significant uncertainties (6–9). Mount-
ing evidence indicates that tropical cyclones
are not passive players in Earth’s climate sys-
tem. Rather, the storms actively contribute to
the dynamics of the global ocean (10–12) and
atmosphere (13). Quantifying the role of
tropical cyclones in the Earth system may
improve our understanding of the nature of
climate change and reduce uncertainty in cli-
mate projections. In PNAS, Mei et al. (14)
help to fill this gap by providing valuable in-
formation about the effect of tropical cyclones
on long-term warming of the global ocean.
The authors employ innovative techniques
using satellite altimetry to quantify changes
in sea surface height in storm-affected re-
gions during the months following tropical
cyclones. Changes in sea surface height are
closely linked to changes in ocean heat con-
tent (e.g., thermal expansion), thus these
results enable direct estimates of the vertically
integrated changes in ocean temperatures

caused by tropical cyclones. Results shed
much-needed light on the interactions be-
tween tropical cyclones, ocean mixing, and
ocean heat uptake.
The ocean plays a central role in de-

termining the Earth’s climate because it can
accumulate enormous amounts of heat from
the atmosphere and release it over long time
periods. Mechanical ocean mixing provides
an important source of energy that controls
global circulation patterns and rates of ocean
heat uptake (15). We currently lack a com-
plete description of the physical processes re-
sponsible for this mixing. Identifying sources
of mixing, as well as constraining mixing
rates, is a major scientific challenge.
Although tropical cyclones are highly lo-

calized and relatively short-lived weather
events, they produce vigorous bursts of ocean
mixing. This mixing can disrupt the usually
well-stratified tropical ocean conditions, re-
distributing ocean heat vertically in regions
affected by the storms. The signature re-
sponse of tropical cyclone-induced mixing is
surface cooling along the storm paths, ac-
companied by warming within the ocean
interior (Fig. 1). The vertical and horizontal
extent of the mixing depends on the intensity,
size, and translational speed of the storm, as
well as the background ocean conditions (16).
Past studies have indicated that, when

aggregated globally, tropical cyclones signifi-
cantly contribute to global ocean mixing and
energy budgets. The implications are that
tropical cyclones can potentially contribute to
ocean heat uptake and transport by pumping
heat into the ocean interior (10–12). Because
tropical cyclone activity is sensitive to ocean
temperature, feedbacks may exist in the
climate system between tropical cyclones,
ocean mixing, and ocean heat content that
are not captured in the current generation
of climate models. This feedback may be
important for understanding past and po-
tential future changes in the Earth’s climate
system (17–19).
Previous efforts to quantify ocean heat

pumping by tropical cyclones were limited by
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Fig. 1. Upper ocean response to Hurricane Gert, 1999. (A) Observed surface temperature anomaly showing cooling
along the storm track primarily as a result of vertical ocean mixing [data from National Aeronautics and Space Ad-
ministration (NASA)’s Tropical Rainfall Measuring Mission (TRMM) Microwave Imager]. (B) Vertical ocean temperature
profiles averaged over Hurricane Gert’s track before (black curve) and after (gray curve) the storm (analyzed using
NASA ocean reanalysis ECCO2). (C ) Difference between temperature profiles shown in B, highlighting the cool
anomaly (above 40 m) and warm anomaly (below 40 m) following storm passage because of vertical ocean mixing.
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TCs can influence just the right ingredients for ENSO

than the actual numbers of TCs associated with WWBs. Because TCs are more populated toward lower
latitudes and weaker strengths (supporting information Figure S5), the relatively weak TCs close to the
equator are the primary driver for WWBs.

Linking WWB to TC can also provide viable interpretations for several distinct characteristics of WWBs that
have not been explained previously. First of all, the TCs in the tropical WNP are more frequent and stronger
and move more southeastward in El Niño years, because of the enhanced low-level shear vortices generated
by the eastern equatorial Pacific warming (Wang & Chan, 2002). Such a TC variability is consistent with the
fact that WWBs tend to occur more frequently and extend further to the east during the development of
El Niño (Chen et al., 2015; Chiodi & Harrison, 2017; Levine et al., 2016; Lian et al., 2014; McPhaden, 1999;
Vecchi, 2000), thus explaining the state dependency of WWBs. Moreover, in boreal winter, TCs aremore active
in WSP and are located closer to the equator in WNP (supporting information Figure S1), which explains why
there are more WWBs found in boreal winter (Harrison & Vecchi, 1997). Finally, with both hemispheres con-
sidered, TCs are generally stronger, more abundant, and located closer to the equator in the western Pacific
as compared to other basins (Chu, 2004), which explains why the WWBs occurring in this region are relatively
frequent and strong, and thus more pronounced.

4. Discussion and Conclusions

Of particular interest is the implication of our finding to El Niño prediction. Although some previous studies
suggested that the stochastic nature of WWBs could degrade the predictability of El Niño from the order of
years (Chen et al., 2004) to 2–3 months (Tippett et al., 2012), the robust linkage between WWB and TC pro-
vides a more optimistic perspective. Since the occurrence of El Niño depends on the accumulative effects
of WWBs over the spring and summer seasons rather than the exact timing of individual events (Chen
et al., 2015; Levine et al., 2016; Lian et al., 2016), it is possible to improve El Niño prediction with skillful
seasonal forecasts of TCs and thus WWBs in the western Pacific.

The state-of-the-art models have shown significant skills in predicting the seasonal activities of TCs in the
western Pacific (Liu & Chan, 2012; Manganello et al., 2015; Zhang et al., 2016), including their total number,
geographical distribution, and accumulated cyclone energy (ACE). In addition, we have found a high
correlation between the total ACE in the western Pacific and the ACE of WWB-associated TCs (0.75 at
the 99% confidence level over the past 37 years). Therefore, it is conceivable to build a dynamical-
statistical hybrid model for the seasonal forecast of the WWB-associated TCs at useful lead times and to
apply the results to accounting for the effects of WWBs in El Niño prediction models. For such a forecast-
ing procedure to work, the WWB-associated TCs have to be predicted without any preknowledge of the
upcoming climate state, so that WWBs do not depend on the El Niño–Southern Oscillation state that they
are used to predict. A preliminary analysis shows that the winter zonal sea surface temperature (SST)
gradient in the western-central tropical Pacific could be used as a predictor for the ACEs of both total
and WWB-associated TCs in the following seasons (supporting information Figures S6 and S7), but more
rigorous tests on this will be needed.

Figure 5. Distribution of the percentage of TCs associated with WWBs as a function of the latitude and the surface pressure
anomaly at the TC center. WWBs = westerly wind bursts; TCs = tropical cyclones; SP = surface pressure.
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The goal of the study:
explore the impact of TC winds on ENSO characteristics in the context 

of a fully-coupled Earth system model 



Method -- TCs in CESM1.3

Add transient TC surface winds from the high-res (0.25˚ atmosphere) model to the low-res coupled 
model (1˚ atmosphere & 1˚ ocean)

Take snapshots TC 
winds within a 20˚x20˚ 

domain box 
Add the TC snapshots 
into the low-res model

Diagnose the impact of TC wind forcing within the 
coupled climate system 

by comparing LR-cntl and LR-TC
LR-TC 100 years

Ocean POP2 1˚ grid

Atmosphere CAM5 SE
1˚ grid

LR-cntl



Results – ENSO statistics 

LR-TC has higher power in the power spectrum
The primary ENSO frequency shifted more approaching the observations 



Results – strong to extreme El Nino events

SST zonal distribution Strong El Nino events and TC wind power

P.S. Near-equator TC wind power: 
TC power dissipation index of near-
equator TCs (within 12˚S-12˚N) 

LR-cntl: 18 El Nino events, 2 extreme events 
LR-TC: 19 El Nino events, 6 extreme events. 



Results – El Nino Composites

• The added TC winds can enhance El Nino 
SST, thermocline depth, and zonal current

• Importance of the synergetic annual cycle of 
El Nino and TCs



Results – El Nino dynamics
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TCs can impact El Nino through 
enhanced thermocline feedback and 
zonal advection feedback



Summary 

• We investigate the impact of  TC winds on ENSO by prescribing high-res TC winds into a low-
res fully coupled model (CESM 1.3)

• The added TC winds increased the ENSO power and shifted the ENSO frequency more 
approaching the observations

• TCs lead to an increase of strong to extreme El Nino events, and a positive correlation is 
identified between the strong El Nino and TC wind power

• TCs’ impact on El Nino is mainly through enhanced zonal advection feedback and thermocline 
feedback

• Our results suggest that TCs can actively influence ENSO characteristics in a fully coupled 
comprehensive Earth System model, pointing to an important two-way interaction between TCs 
and ENSO






