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Projected increase in El Niño-driven tropical
cyclone frequency in the Pacific
Savin S. Chand1*, Kevin J. Tory2, Hua Ye2 and Kevin J. E. Walsh3

The El Niño/Southern Oscillation (ENSO) drives substantial
variability in tropical cyclone (TC) activity around the world1–3.
However, it remains uncertain how the projected future
changes in ENSO under greenhouse warming4–8 will a�ect
TC activity, apart from an expectation that the overall
frequency of TCs is likely to decrease for most ocean
basins9–11. Here we show robust changes in ENSO-driven
variability in TC occurrence by the late twenty-first century.
In particular, we show that TCs become more frequent
(∼20–40%) during future-climate El Niño events compared
with present-climate El Niño events—and less frequent during
future-climate La Niña events—around a group of small island
nations (for example, Fiji, Vanuatu, Marshall Islands and
Hawaii) in the Pacific. We examine TCs across 20 models
from the Coupled Model Intercomparison Project phase 5
database12, forced under historical and greenhouse warming
conditions. The 12 most realistic models identified show a
strong consensus on El Niño-driven changes in future-climate
large-scale environmental conditions that modulate develop-
ment of TCs over the o�-equatorial western Pacific and the
central North Pacific regions. These results have important
implications for climate change and adaptation pathways for
the vulnerable Pacific island nations.

The impact of climate change on TC activity is a topic of
considerable scientific and socio-economic importance. With a few
exceptions13,14, most climatemodelling studies have reported a likely
decrease in the globally averaged TC frequency by the late twenty-
first century in response to greenhouse warming9–11. However,
future projections of regional-scale TC activity are complicated by
model deficiencies and biases15 that limit adequate simulation of
regional changes in large-scale environmental conditions necessary
for TC formation9,10. The use of different TC detection schemes,
which may require model- or region-specific tuning, further
contributes to uncertainties in the regional-scale projections16,17.

Over the past few years, progress in the understanding of physical
mechanisms of TC genesis processes has led to the development of a
model- and region-independent metric for improved TC detection
in climate models16. Considerable effort has also been made to
improve climatemodel performance in simulation of certain aspects
of the climate system such as ENSO4–8 that strongly modulate
regional changes in large-scale environmental conditions that affect
TC formation. Given that future changes in the climate system as
a result of anthropogenic global warming seem inevitable18, any
substantial change in the character of ENSO in response to global
warming—either a change in the mean state such as weakening of
the Walker circulation19,20 or a change in the nature and frequency
of ENSO variability4,7,8—is likely to have a substantial impact on
regional-scale TC development.

Recent studies provide consistent projections of future changes
in certain aspects of ENSO using current-generation climate mod-
els4,6–8. This includes an increased frequency of extreme El Niño
events (such as the events of 1982/83 and 1997/98) due to more oc-
currences of atmospheric convection in the eastern Pacific region4,
as well as a potential increase in the frequency of the ‘Modoki-type’
central Pacific El Niño events6–8. Regardless, there is a very high ex-
pectation that ENSO variability will continue to dominate regional-
scale climate in the future6,19, and strongly influence weather-related
variables such as rainfall in the changing climate6,21. Whether such
future changes in ENSO will affect regional TC activity—and if so,
how—has not yet been addressed. This paper uses a suite of Coupled
Model Intercomparison Project phase 5 (CMIP5) climate model
simulations (Supplementary Table 1) under the historical and green-
house warming (representative concentration pathway 8.5; RCP8.5)
conditions12 to investigate projected future changes in ENSO-driven
TC frequency at the regional scale, particularly in the Pacific where
the impact of ENSO is large.

We start by assessing the influence of the two main phases
of ENSO22—El Niño and La Niña (Supplementary Table 2)—
on regional TC genesis locations and frequency using the
12 CMIP5 models that most realistically simulated climatological
characteristics (Supplementary Figs 1 and 2) and ENSO-related
variability of TCs (Supplementary Table 3; see Methods for model
selection). This assessment is imperative as the ability of CMIP5
models to reproduce ENSO-driven TC variability has not yet been
formally evaluated. While a few recent studies have examined
the relationship using current-generation climate models, these
studies were either basin-specific23 or confined to high-resolution
single-model experiments24,25. The recent availability of the new
generation of coupled climate models from the CMIP5 experiments
has provided opportunities to examine ENSO and ENSO-driven
TC variability in more detail than before.

Figure 1 shows the observed26 (Fig. 1a,b) and the multimodel-
mean composites (Fig. 1d,e) of TC density estimates for El Niño
and La Niña events over the period 1970–2000. It is evident from
the analysis that CMIP5 models can realistically simulate spatial
patterns of observed TC density estimates for El Niño and La Niña
conditions, and their differences (Fig. 1c,f), reasonably well in most
TC basins. An exception is in the North Atlantic Basin where
TC detections in CMIP5 models are much less than the observed
number of TCs as also noted in several previous studies14,25. This
could be potentially due to inadequate representation in climate
models of the North Atlantic TC precursors such as African easterly
waves, as well as poor representation of large-scale environments
such as vertical wind shear and relative humidity27. Regardless, the
simulated spatial patterns of TC density estimates over most ocean
basins are quite consistent among individual models, indicating
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Figure 1 | Multimodel-mean composites of anisotropic Gaussian TC density estimates for El Niño and La Niña, and their di�erences (that is,
El Niño–La Niña), at every 2.5◦ ×2.5◦ grid box over the period 1970–2000. a–c, Observations. d–f, Historical simulations. Stippling gives an indication of
the robustness (at the 95% confidence level), with at least 9 out of 12 models agreeing on the sign of change. Red shading in c,f, indicates enhancement of
TC genesis during El Niño.

robustness of CMIP5 models (at the 95% confidence level) in
simulating ENSO-driven TC variability. To further demonstrate
model robustness, we verified reanalyses28,29 and simulated ENSO-
driven changes in several large-scale environmental variables that
impact TC formation, including environmental vertical wind shear,
low-level cyclonic relative vorticity, sea surface temperature (SST),
andmid-level relative humidity and vertical motion. Results suggest
that CMIP5models can realistically simulate ENSO-related changes
in these variables that are known to be important for TC formation
(Supplementary Table 3 and Supplementary Figs 3–7).

We next turn to one of themost important scientific questions on
TCs and climate change. ‘How will the potential future changes in
ENSO variability in a warmer world impact regional TC activity?’
It has been shown previously that the potential weakening of
the Walker circulation in response to greenhouse warming20 is
likely to reduce mean climatological frequency of TCs by the late
twenty-first century in most TC basins around the world, with a
comparatively more robust decrease for the Southern Hemisphere
than for the Northern Hemisphere basins9,10. Our study also shows
these characteristic changes using the late twentieth- and twenty-
first-century simulations from the CMIP5 experiments (Fig. 2a).
This includes a robust projected decrease (∼20–60%) in the mean
frequency of TCs for the Southern Hemisphere basins, western
North Pacific, eastern North Pacific and the Bay of Bengal, and
an increase in the Arabian Sea and the central North Pacific.
However, to what extent these projected changes are influenced by
the changing nature of ENSO in response to greenhouse warming4–8
is not yet clear, even for the tropical Pacific where the impact of
ENSO on TC activity is substantial1–3.

Herewe show—by comparing and contrastingTCgenesis density
in El Niño and La Niña events over the late twenty-first (that
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Figure 2 | Projected future changes in TC density. a, Overall climatology.
b, El Niño. c, La Niña. Red shading indicates projected future increases in TC
frequency. Stippling denotes changes that are statistically significant at the
95% level, with at least 9 out of 12 models agreeing on the sign of change.
The four subregions in the Pacific, as well as the horseshoe-shaped region,
that form the basis of the discussion in this paper are also indicated.
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Figure 3 | December–February Southern Hemisphere and July–September Northern Hemisphere mean large-scale variables for present-climate El Niño
events, and the direction of projected changes between present-climate and future-climate El Niño events. a–f, Superimposed are present-climate
large-scale variables (colour shading) and regions where future changes in large-scale environmental conditions robustly favour (red stippling) and
suppress (blue stippling) TC development for environmental vertical wind shear between 200 and 850 hPa (a), relative vorticity at 850 hPa (b), relative
humidity at 700 hPa (c), vertical ω-velocity at 500 hPa (d), and sea surface temperature (e), and the sign-agreement plot for the regions where at least
four of the five large-scale environmental variables simultaneously favour (red shading) or suppress (blue shading) increased TC development (f). Note
that for clarity, the white mask at the Equator separates variables for the two di�erent seasons used in the two hemispheres. Information used to construct
this figure is obtained from Supplementary Figs 9–14 (see Supplementary Information for details).

is, 2070–2100) and twentieth century (that is, 1970–2000)—a
robust projected increase (∼20–40%) in TC frequency for future-
climate El Niño events compared with present-climate El Niño
events around the western Pacific island countries near the Date
Line (for example, Fiji, Vanuatu, Samoa and Marshall Islands),
and near Hawaii in the central North Pacific (Fig. 2b and
Supplementary Fig. 8 shows the geographical locations of these
countries). Note that regions of increased El Niño-driven TC
frequency changes define a ‘horseshoe’ pattern in the Pacific
(hereafter referred to as the ‘horseshoe-shaped region’, Fig. 2b). On
the other hand, for future-climate La Niña events, TC frequency
is projected to decrease significantly in the southwest Pacific
(∼20–60%) and near the Marshall Islands with no significant
change near Hawaii (Fig. 2c). These results indicate the importance

of isolating ENSO-driven changes in TC frequency for regional-
scale projections, particularly in the Pacific where future projections
of TCs may differ significantly between the different ENSO phases.

Empirical analyses of large-scale environmental variables
from the historical and RCP8.5 scenarios are performed to
understand projected changes in ENSO-driven TC frequency
over the Pacific (Fig. 3 and Supplementary Figs 9–14). Here,
for ease of interpretation, we divide the Pacific Basin into four
subregions as indicated in Fig. 2a: southwest Pacific, French
Polynesia, Marshall Islands and Hawaii. Analyses reveal that for
future-climate El Niño events compared with present-climate
El Niño events, reduced environmental vertical wind shear (Fig. 3a)
and enhanced low-level cyclonic relative vorticity (Fig. 3b) in the
southwest Pacific region, particularly equatorward where most
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Strong SST-anomaly gradients:
barrier to shifts in convective zones
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Figure 4 | Schematic illustration of a mechanism for increased TC
formation in the ‘horseshoe-shaped’ region in the western Pacific during
future-climate El Niño events compared with the present-climate El Niño
events. a,b, DJF SST anomalies (colour shading) and the associated mean
location of the Walker circulation for the present-climate (a) and the
future-climate (b) El Niño conditions are examined. In the present-climate
El Niño condition, anomalous warming of SSTs in the equatorial eastern
Pacific and anomalous cooling in the western Pacific over the
‘horseshoe-shaped’ region creates stronger horizontal SST-anomaly
gradients, confining the atmospheric convective zones in the eastern Pacific
(indicated by blue arrows). However, in the future-climate El Niño events, a
marked increase in anomalous warming occurs along the
‘horseshoe-shaped’ region in response to greenhouse warming. This
reduces the overall SST-anomaly gradients, further disrupting the Walker
circulation and facilitating shifts in convective zones (determined by
850-hPa convergence; green shading) into a wider area in the western
Pacific (indicated by red arrows).

TC precursors form2, create a more conducive environment for
TC development. Increased mid-level relative humidity (Fig. 3c)
and ascending motion (Fig. 3d), as well as increased SSTs (Fig. 3e),
further support enhanced TC development in the southwest Pacific.
However, in the French Polynesia region where typically very few
TCs form anyway, unfavourable environmental vertical wind shear
and relative vorticity in future-climate El Niño events appear to
be the main factors further inhibiting TC development. Near the
Marshall Islands and Hawaii, all large-scale variables are projected
to be more favourable for TC development during future-climate
El Niño events than during present-climate El Niño events (see
Fig. 3f for regions where favourable environmental conditions exist
simultaneously). In contrast, for future-climate La Niña events,
increased environmental vertical wind shear and reduced mid-level
relative humidity and ascending motion, account for a robust
projection of decreased TC frequency in the southwest Pacific,
French Polynesia and Marshall Islands (Supplementary Figs 9–14).

Figure 4 depicts schematically a proposed mechanism for
the El Niño-driven enhancement of large-scale environmental
conditions—and hence, the associated increase in TC frequency—
over the ‘horseshoe-shaped’ region. During typical present-climate
El Niño conditions, anomalous warming of SSTs in the equatorial

eastern Pacific and anomalous cooling in the western Pacific
over the ‘horseshoe-shaped’ region creates stronger horizontal
SST-anomaly gradients (Fig. 4a). Consequently, this confines the
dominant atmospheric convection zone associated with the Walker
circulation east of theDate Line, while the intertropical convergence
zone (ITCZ) and the South Pacific convergence zone (SPCZ) shift
equatorward30. However, in the future-climate El Niño events, while
the spatial patterns of SST anomalies remain characteristically
similar to the present-climate El Niño events, a marked increase
in anomalous warming occurs along the ‘horseshoe-shaped’ region
in the western Pacific in response to greenhouse warming (Fig. 4b
and Supplementary Fig. 15). This reduces the overall SST-anomaly
gradients, further disrupting the Walker circulation and facilitating
shifts in convective zones over a wider area in the Pacific4 (that is,
the mean convection zone associated with the Walker circulation
broadens into the western Pacific rather than being confined to east
of the Date Line, while the ITCZ and SPCZ shift farther outwards as
depicted in Fig. 4b). It is hypothesized that this enhanced anomalous
warming over the ‘horseshoe-shaped’ region during future-climate
El Niño events, and its resulting impact on enhanced low-level
convergence (Fig. 4b), strengthen the large-scale conditions for TC
formation in a warming climate31,32—and hence the occurrence
of more TCs—over the small island nations that lie along the
‘horseshoe-shaped’ region.

We note that some CMIP5 models have a common systematic
bias in which the warm ENSO-driven SST anomalies extend too
far to the west in the Pacific4,19. The potential impact of this bias
on our results is assessed by repeating the analysis: using only
models that robustly simulated ENSO and the associated large-scale
conditions for the Pacific; and using a statistical bias correction
method outlined in ref. 6 (see also Methods for details). Overall,
both methods provide stronger evidence of increased TC frequency
during future-climate El Niño events over the horseshoe-shaped
region (Supplementary Figs 16–19). This indicates that our major
conclusions should apply to future generations of models with
smaller biases.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods
Data. Observed TCs are from the IBTrACS database26 for the period 1970–2000.
The SST data are from Hadley Centre Sea Ice and Sea Surface Temperature
version 1 data set29. Atmospheric variables are the National Center for
Environmental Prediction–National Center for Atmospheric Research Reanalysis
1 products28.

TC detection method. TCs are detected directly in climate models using the
Okubo–Weiss–Zeta parameter methodology16,33. This method identifies the core of
quasi-closed circulations34 in which TCs form. The advantage of this detection
method over other traditional methods35–40 is that it does not need to fully resolve a
TC-like circulation to identify a TC but instead detects the immediate large-scale
environmental conditions in which TCs form41,42. As such the method is applied to
climate models without the need for threshold adjustments to match model
resolutions (see also Supplementary Section 1 for details).

ENSO characterization in CMIP5 models. Despite significant advances in
climate models, simulating realistic ENSO characteristics is still a challenge in
models, largely associated with the difficulty in representing multiple competing
feedback processes5,31,43–46. Regardless, some CMIP5 models do a better job than
others to accurately simulate both ENSO characteristics and the underlying
atmospheric feedbacks43,44, and have lower biases than in an equivalent group of
CMIP3 models46.

Classifying ENSO events in models is challenging, as models contain spatial
SST biases. However, defining model-specific ENSO classifications to take into
account model biases introduces subjective decisions that would make
comparisons between models and with observations more difficult45. Here we
adopt a method similar to ref. 46 that utilizes the standard deviations, σ , of the
Niño 3.4 index (that is, area-averaged SST anomalies over the region 5◦ N–5◦ S,
120–170◦ W) to classify ENSO into El Niño and La Niña events. In this study, the
±0.5σ threshold was initially chosen as it gave the best statistical match (at 95%
significance level—see ref. 47) between ENSO events calculated from HadISST data
and the observed records for the period 1970 to 2000. A stricter threshold of ±1σ
is also applied for verification purposes (see Supplementary Section 2 for details on
ENSO characterization in CMIP5 models).

Note that the Niño 3.4 index used here can collectively define conventional
ENSO events as well as ‘Modoki El Niños’ (sometimes referred to as central Pacific
El Niños). For the purpose of this study, we do not seek to distinguish between
different types of El Niño and their impacts on TCs as most CMIP5 models still
have biases and deficiencies in realistically simulating the observed structure of
‘Modoki-type’ events6,45 as opposed to simulating conventional El Niños where
CMIP5 models have improved substantially6,43–46. It should be emphasized that
‘Modoki’ and conventional El Niños can have different impacts on TCs in
the Pacific48,49.

CMIP5 models. The CMIP5 models are chosen on the basis of their ability to
realistically simulate ENSO, and ENSO-related TC climatology over the period
1970–2000. A suite of 20 CMIP5 models were initially examined using rigorous
statistical approaches, such as the ‘S-statistic’ skill score50–52, but only 12 satisfied
the required criteria (see Supplementary Section 4 for details). These 12 models are
analysed for two scenarios: historical and ‘business as usual’ RCP8.5. The
historical—or the ‘twentieth-century’—simulations in CMIP5 experiments are
based on realistic natural and anthropogenic forcings that cover much of the
industrial period from midnineteenth century to near present. The RCP8.5
simulations are based on increasing radiative forcing throughout the twenty-first
century before reaching a relative maximum value of 8.5Wm−2 by the end of
the century12.

Projections of future changes in ENSO-driven TC variability are evaluated
using the last 30-year simulations of the twentieth (July 1970 to June 2000)
and the twenty-first (July 2070 to June 2100) centuries. The 30-year historical
simulation coincides with the era after which routine satellite observations of
TCs became available allowing reliable comparisons of the simulated and
observed TCs.

Isolating ENSO-related TC variability. After selecting objectively the
‘best-performing’ CMIP5 models, regional-scale annual TC detections from each
model are binned into appropriate ENSO phases that existed during that year (that
is, El Niño or La Niña—see above for ENSO characterization in CMIP5 models);
years that did not fall into the two main phases were classified neutral, and TC
detections from those years were not used in the analysis.

Although ENSO generally peaks in the Southern Hemisphere summer seasons
(that is, December–February), its impact on TC activity can begin several months
in advance from the point of onset or earlier (see ref. 1 for a review). For example,
in the western North Pacific where TCs can form throughout the year, the early
onset of El Niño can have a significant impact on regional-scale TC activity,
particularly over the South China Sea53. Similarly in the southwest Pacific Basin,
TCs can form as early as October during strong El Niño events54. To capture the

optimal degree of the ENSO–TC relationship for different TC basins, we examined
the lagged statistical correlation between annual TC counts and the three-monthly
mean Niño 3.4 index (Supplementary Fig. 20).

The overall ENSO–TC modulation in most TC basins begins as early as
May–July and continues over the peak ENSO period of December–February (DJF).
For the Southern Hemisphere basins, a TC season is spread over the two calendar
years (that is, from July of the first year to June of the second year), with the peak
seasonal TC activity occurring over the DJF period. This peak TC activity coincides
with the peak ENSO period of DJF (see Supplementary Fig. 21 for seasonal
distribution of TCs in different TC basins). Therefore, a decision was made to use
the mean DJF Niño 3.4 SST anomalies for the respective models as an index of
ENSO events for the Southern Hemisphere basins.

For the Northern Hemisphere basins, seasonal TC activity is spread over one
calendar year (that is, from January to December) with the peak activity occurring
during the July–September (JAS) period for most basins (Supplementary Fig. 21).
Since this peak TC activity—generally for the Pacific basins—has a strong statistical
relationship with the JAS ENSO (Supplementary Fig. 20), a decision was made to
use the mean JAS Niño 3.4 SST anomalies for the respective models as an index of
ENSO events for the Northern Hemisphere basins.

Multimodel ensembles in probabilistic TC projection.Multimodel composites of
TC genesis locations are determined for El Niño and La Niña phases in both
historical and RCP8.5 simulations. For ease of comparison, the multimodel
composites are represented using TC densities to describe the spatial distribution of
TC genesis in the two ENSO phases. Here TC densities are obtained by smoothing
TC genesis counts in each spatial 2.5◦

×2.5◦ grid box using probability density
functions computed from an anisotropic Gaussian distribution. The constructed
density estimate can then be used as a statistical representation of a larger
population distribution, thus to some extent minimizing uncertainties in
quantitative evaluation of projected changes for regions where TC numbers are low
(see Supplementary Section 4 for details).

Some studies have considered single-model perturbed physics experiments to
quantify model uncertainties (see ref. 55). This method is very useful in
quantifying climate change or climate model parameters in a probabilistic sense,
particularly for small-scale processes of the climate system that cannot be resolved
explicitly. However, this approach—in addition to its enormous computation
capacity—may also be limited in its ability to capture the full range of uncertainties
in the models’ representation of the true climate system, as there are many ways to
design a parameterization56.

Here we argue that quantification of model uncertainty can be achieved
through a more general approach on the basis of computing multimodel
ensembles. We do recognize that CMIP5 models may not be entirely independent
of each other, and that model interdependence may complicate the interpretation
of multimodel ensembles. Ref. 57 derived a ‘family tree’ of CMIP5 models
documenting similarities between models due to similarities in codes or the
institutions producing them. Therefore, all our statistical analysis takes into
account model independence (see below, as well as Supplementary Information).

Statistical significance tests. In our analysis, results are considered statistically
robust if large proportions of models agree on the sign and magnitude of the
change. A statistical significance test to evaluate the robustness is determined at the
5% level under the assumption that models are independent6. Here we have a total
of 12 models but only 7 of these are considered independent on the basis of the
analysis of ref. 57. Thus, the number of models required to attain 5% level of
significance (based on the binomial distribution) is 6 out of 7 independent models.
However, we note that similar results on the statistical significance were obtained
when at least 9 (of all 12 models) agree on the sign of change. Thus, a decision was
made to use the latter for all statistical significance tests in this paper.

Data availability. All data that support the findings of this study are available from
the corresponding author on request.
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