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Most current climate models predict that the equatorial
Pacific will evolve under greenhouse gas-induced warm-
ing to a more El Nifio-like state over the next several
decades, with a reduced zonal sea surface temperature
gradient and weakened atmospheric Walker circulation.
Yet, observations over the last 50 y show the opposite
trend, toward a more La Nifia-like state. Recent research
provides evidence that the discrepancy cannot be dis-
missed as due to internal variability but rather that the
models are incorrectly simulating the equatorial Pacific
response to greenhouse gas warming. This implies that
projections of regional tropical cyclone activity may be
incorrect as well, perhaps even in the direction of change,
in ways that can be understood by analogy to historical El
Nifio and La Nifa events: North Pacific tropical cyclone
projections will be too active, North Atlantic ones not
active enough, for example. Other perils, including severe
convective storms and droughts, will also be projected
erroneously. While it can be argued that these errors
are transient, such that the models’ responses to green-
house gases may be correct in equilibrium, the transient
response is relevant for climate adaptation in the next
several decades. Given the urgency of understanding
regional patterns of climate risk in the near term, it
would be desirable to develop projections that represent
a broader range of possible future tropical Pacific warm-
ing scenarios—including some in which recent historical
trends continue—even if such projections cannot cur-
rently be produced using existing coupled earth system
models.

climate modeling | tropical cyclones | model biases | tropical Pacific |
climate adaptation

Some of the most consequential risks associated with
human-induced climate change involve changes in the
frequency, severity, or other properties of extreme weather
events. The most extreme and destructive events are rare,
such that historical observations generally contain too few
instances to allow trends to be assessed with confidence, or
forced trends to be distinguished from natural variability, us-
ing those observations alone. Earth system models (ESMs),
on the other hand, can provide detailed, physically based
simulations of Earth's climate in the past, present, and
future, including ensembles to quantify uncertainty, and
counterfactuals (e.g., simulations with no human influence)
that can be used to attribute outcomes to forcings. While
such models do not, in general, simulate extreme events
well enough to use their output directly in risk assessment
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(e.g., ref. 1), they can be “downscaled” for this purpose.*
By using one or more ESMs in conjunction with statistical
or dynamical downscaling, scientists can generate assess-
ments of present and future risk that include estimates of
changes due to human influence.

Because all downscaling methods start from the ESM cli-
mate, however, they inherit any systematic errors, or biases,
in that climate. A standard approach to dealing with this is to
use multimodel ensembles. To the extent that biases differ
between models, and can be considered random, one can
obtain a meaningful uncertainty range from the multimodel
ensemble spread. Biases that are common to most or all
models, on the other hand, are more difficult to address.
Here, we discuss the possibility that nearly all models in
the multimodel ensembles used in the last several Coupled
Model Intercomparison Projects (CMIPs) are simulating the
pattern of radiatively forced upper ocean warming in the
tropical Pacific incorrectly, with errors of the same type and
sign, as recent research suggests (9, 10). This issue has well-
documented consequences for estimates of Earth's global
climate sensitivity, where the modeled pattern of warming
implies greater sensitivity than does either the observed
one, or a spatially uniform warming (11-15). The implica-
tions for regional climate impacts have been less examined
but are in our view arguably even more consequential,
at least in the next several decades. To the extent that
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the modeled pattern of equatorial surface warming in
response to greenhouse gas forcing is indeed incorrect, it
implies that the models will also simulate patterns of some
types of extreme events incorrectly, since the pattern of
equatorial sea surface temperature (SST) is known from
historical experience to have a strong influence on those
types of events. This implies in turn that extreme event
risk assessments of the future based on these models—
including those obtained by downscaling—are incorrect as
well. Here, we focus on tropical cyclones (TCs) but also briefly
discuss other types of extreme events.

Projected Tropical Cyclone Trends

To understand projected future trends in TC activity, it is
useful to look at them in conjunction with the spatial pattern
of projected SST change, as well as global- or tropical-
mean aspects of climate change. In Fig. 1, we show two
state-of-the-art ways of making future projections of SST (A
and B) and TCs (C and D). One method uses output from
simulations by a limited number of high-resolution models
in which the storms (C) can be simulated organically along
with the climate, represented here by SST (4). In another,
we take a large number of simulations with many lower-
resolution models and use their climate states, represented
here by SST (B) as inputs to a statistical-dynamical model
(CHAZ, refs. 7 and 16) that produces TCs (D). The SST trends
in both the low-resolution CMIP6 and high-resolution (from
the HighResMIP project, 17) models show warming maxima
on the equator and in the eastern side of the Pacific basin
(CMIP6) and around the dateline (HighResMIP), with minima
in the southeast Pacific. The CHAZ track density trends show
reductions in the Gulf of Mexico, Caribbean, and North
Atlantic main TC development region, strong increases in
almost the entire Pacific, a southward shift in the south
Indian Ocean, and a westward and equatorward shift in the
south Pacific. The trends in HighResMIP are much noisier
due to a much smaller sample size of available data from
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that ensemble compared to CMIP6 but are in some respects
consistent with those in CHAZ, particularly in the planetary-
scale contrast between the more active Pacific and less
active Atlantic.

The spatial patterns of simulated SST change shown in
Fig. 1 bear a broad resemblance to those associated with
El Nifio events. The El Nifio-Southern Oscillation (ENSO)
phenomenon, of which El Nifio and La Nifia are the climatic
events with oppositely signed SST anomalies centered on
the equatorial eastern Pacific, are known to influence TC
activity strongly on interannual time scales. El Nifios, in
which the equatorial eastern Pacific is anomalously warm,
suppress TC activity over the North Atlantic and enhance it
over the eastern and central North Pacific. In the western
North Pacific, the region of TC genesis shifts eastward and
equatorward, and TC intensities increase, during El Nifio
events. The changes observed during La Nifia events are
generally of opposite sign to those during El Nifio events.
These changes in TC activity are relatively well understood
as consequences of specific changes in the large-scale
environment for TC genesis and intensification, e.g., SST
and vertical wind shear (e.g., refs. 18 and 19). Empirical
“genesis indices” are computed from local climate variables
at any given space-time point to predict the probability of
TC formation at that point, based on historical relationships
between those climate variables and TC genesis frequency.
These, for example, capture the anomalous global patterns
in genesis associated with ENSO, even when the indices
are trained only on the climatological annual cycle (e.g.,
ref. 20). ENSO is by no means the only mode of climate
variability that affects TCs; others include the Atlantic and
Pacific meridional modes, the Pacific decadal oscillation,
and Atlantic multidecadal oscillation (e.g., ref. 21). However,
ENSO has a powerful global influence.

It is plausible that, to the extent that long-term trends in
the mean state of the tropical Pacific resemble those that
occur during ENSO events, they will influence TC activity in
future projections in ways that are similar to those observed
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Fig. 1. Projected trends in °C over 2021-2050 in tropical Pacific SST from the multimodel means of (A) coupled HighResMIP models under the SSP5-8.5
scenario, and (B) 12 CMIP6 models under the SSP2-4.5 scenario; and projected trends in number of storm per grid box over 2021-2050 in track density of TCs
simulated by (C) the same HighResMIP models under the SSP5-8.5 scenario tracked with TempestExtremes, and (D) CHAZ, downscaling the same CMIP6 models
as in (B). Note that different future scenarios are used for the CHAZ and HighResMIP data, so that the magnitudes of the trends should not be compared, only

the spatial patterns.
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Fig. 2. Composite anomalies in historical observations (1981-2020) from (A and C) El Nifio and (B and D) La Nifia events in (A and B) tropical Pacific SST and
(C and D) global tropical cyclone track density. In the Northern Hemisphere, the ENSO status is defined by the average ONI over August, September, and
October and the anomalies in track density and SST are then constructed from data from January to December in the same year. In the Southern Hemisphere,
the average ONI over January, February, and March are used to composite TCs and SST from July to December the year before and from January to June in the

same year.

in response to historical ENSO anomalies (22, 23). To make
concrete the degree to which the patterns of projected
trends shown in Fig. 1 resemble those associated with
ENSO, Fig. 2 shows composite El Nifio (A and C) and La
Nifia (B and D) anomalies in both SST (A and B) and TC
track density (C and D) from historical observations for
comparison. Comparing the projected SST trends in Fig. 1 to
the SST anomaly composites in Fig. 2, we see that while the
CMIP6 and HighResMIP trends are different in detail, with
peak warming considerably further west in HighResMIP,
both sets of models project that the tropical Pacific will
evolve under greenhouse gas-induced warming to a more
El Nifo-like state over the next several decades, with a
reduced zonal SST gradient and weakened atmospheric
Walker circulation (11, 13, 24). Accordingly, all else equal—
e.g., neglecting possible rectified interactions between an
altered mean state and ENSO variability which could itself
also be altered—one might expect a future in which patterns
of extreme weather events would also resemble those that
have historically occurred during El Nifio events.

Indeed, both the CMIP6/CHAZ and HighResMIP TC track
density trends have features in common with historical El
Nifio composites: increases over the central and northwest
Pacific, either a decrease (HighResMIP) or a lesser increase
or no change (CHAZ) over the Atlantic and Gulf of Mexico,
and increases in the southwest Pacific and decreases over
the south Indian Ocean. There are also some features
in the modeled trends, such as the CHAZ increase off
the US East Coast or the HighResMIP decrease in the
Philippine region, that are not present in the historical El
Nifio composite. These differences may reflect ways in which
global warming affects TC activity differently from how ENSO
does; differences between the spatial patterns of the SST
trend projections and those of historical El Nifios; biases
in the CHAZ and HighResMIP models’ simulations of TCs;
differences in seasonality between the typical ENSO event
and longer-term warming trends; or all of these factors. But
both simulated track density trend patterns resemble those
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in the El Nifio composites more than they do the La Nifia
composites.

To the extent that the model-projected future trends
in Fig. 1 resemble the El Nifio anomalies in Fig. 2, it is
reasonable to expect that the projected TC activity trends
are, atleastin part, a consequence of the projected trends in
the state of the tropical Pacific. Thus, if the projected Pacific
climate trends are wrong, the TC trends will also be wrong,
perhaps even in the sign of the trend. Of course, other as-
pects of climate change also affect TCs, including the global
mean response; we might think of the change in TC activity
as resulting from the sum of a global mean component that
would occur in response to uniform warming, and a “pattern
effect” (25) due to the spatial structure of the warming.
Some models (and some genesis indices) project large
global decreases in TC frequency under uniform warming,
for example. Other models, however, predict little change,
or even an increase in global TC frequency under global
warming. The total change—the sum of the global mean
change and the pattern effect—is therefore hard to project.
Even so, itis important to understand the component that is
due to the Pacific SST pattern, as it may have a substantial,
perhaps even dominant effect on regional scales.

Do models represent the tropical Pacific climate system's
response to greenhouse gas forcing correctly? A starting
point for answering that question is to assess how well
the same models have simulated observed changes in the
tropical Pacific over the historical period, particularly the
last several decades when greenhouse gas forcing has been
greatest and the observations are of the highest quality. To
the extent that the models are correct, and the greenhouse
gas-forced signal is responsible for the observed trends
in the historical period, we might expect to see a trend
towards El Nifio-like conditions, with a decreased zonal SST
gradient. In TCs, we might expect to see increased activity
in the Pacific and decreased activity in the Atlantic. These
expectations are not met. Observations over the last 50 y
show the opposite trend to that simulated, instead toward a
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Fig. 3. Historical trends (1981 to 2020) in SST from (A) obser

w
"
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track density from (D) observations, (E) HighResMIP coupled historical éimulgtions, (F) CHAZ, downscaling the same CMIP6 models as in (C), and (G) HighResMIP
atmosphere-only simulations using observed SST up to 2014 and observed SST blended with CMIP5 RCP8.5 SST from 2015 to 2020. The units are similar to

Fig. 1 but over 40y.

more La Nifia-like state, with an increased zonal SST gradient
(9, 10, 26, 27). This is illustrated in Fig. 3, which shows
maps of the historical (1981 to 2020) trends in SST from
(A) one observational dataset, (B) HighResMIP, and (C) the
CMIP6 multimodel mean. The La Nifia-like strengthening
of the zonal SST gradient is apparent in the observations.
In the coupled models, the SST trend structure is closer
to El Nifio than La Nifia, with greater warming in the
east than west on the equator particularly in CMIP6; in
HighResMIP, the southeast Pacific cooling edges closer to
the equator, yielding a pattern somewhere between those
in the observations and CMIP6. Also shown in Fig. 3 are
TC track density trends for 1981 to 2020 from (D) historical
observations, (E) the same coupled HighResMIP models as
shown above, using historical runs from 1981 to 2014 and
the SSP5-8.5 runs from 2015 to 2020; (F) CHAZ, downscaling
historical CMIP6 simulations from 1981 to 2014 and then
the SSP2-4.5 runs from 2015 to 2020; and (G) uncoupled,
atmosphere-only HighResMIP runs forced with observed
SST from 1981 to 2014 and with observed SST variability
blended with the climate change signal from CMIP5 RCP8.5
models from 2015 to 2020.

Evidence for the importance of getting the SST right
comes from uncoupled experiments, where the actual
observed SST is prescribed. Fig. 3G shows that the pattern of
more Atlantic and less Pacific TC activity (as in observations)
can be broadly reproduced given the SST. This leads us to
interpret differences in track density between the coupled
HighResMIP simulations and observations as due primarily
to the differences in SST and associated large-scale climate,
rather than to biases in the models’ simulations of TCs for
a given climate. That said, there are areas of agreement
between the coupled and uncoupled HighResMIP simula-
tions (Fig. 3 £ and G), such as North Atlantic increases
and decreases east of the Philippines, both of which are
in agreement with observations. Further analysis will be
needed to determine to what extent these are explainable
in terms of SST changes (which for this purpose may not

4 of 10 https://doi.org/10.1073/pnas.2209631120

be adequately represented by the degree to which they
resemble El Nifio or La Nifia events, e.g., off-equatorial
anomalies are particularly important for TCs). Simulations
with CHAZ forced by historical reanalysis datasets show
that the model produces ENSO composites that compare
reasonably well to observations, but trends for this period
that are highly sensitive to which reanalysis dataset is used,
as well as the exact period used to calculate the trend.
Nonetheless, the impression we obtain from these figures
is that our models overall do not successfully simulate the
SST trends of the last 40 y well, that this is likely to cause
substantial errors in TC trends produced by any TC model
that responds to the tropical Pacific state in a way consistent
with historical observations, and that the presence of similar
biases in future SST projections should cast doubt on future
TC projections.

Potential Causes of the Projected SST Trends

While it is possible that the observed trend in equatorial
Pacific SST is largely “noise” resulting from internal ocean-
atmosphere dynamics, observational errors, or both, recent
research provides compelling evidence that it is, in fact,
radiatively forced, meaning that the ESMs are wrong in
this respect. If it were entirely internal variability—and
assuming that variability as well as mean state trends were
realistically captured by the models—we would expect that
some realizations from the large multimodel ensemble
would resemble the observations. Following ref. 9, Fig. 4
addresses this in detail. Fig. 4 A and B show observed and
modeled SST trends over a longer historical period than in
Fig. 3, providing a sense of the sensitivity of the trend to
the period chosen. The La Nifia-like trend is still present in
observations (but not models), though the relative cooling
is much more confined about the equator. Fig. 4 C and D
quantify the degree of resemblance using two indices of the
tropical Pacific state, one that measures the east-west SST
gradient and one that measures the north-south gradient,
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Fig. 4. (A)SST trend from HadISST observational data; (B) SST trend from CMIP6 models; (C) trends in CMIP6 (in circles and star) and HighResMIP (in squares)
model simulations of the east-west SST trend index and north-south SST trend index for the historical period (1958 to 2020); observational datasets are
represented by diamonds, colors indicate the pattern correlation (PC) of equatorial Pacific between model and HadISST trend during historical period; (D) as in

(C) but the trends are for the period 1958 to 2040; (), as (C) but for 1958 to 2080.

and a spatial pattern correlation. The north-south index
measures the ability of models to reproduce the observed,
equatorially confined, lack of warming, or even cooling in
the upwelling region of the central to eastern equatorial
Pacific. Models which enhance the zonal SST gradient but
do so via a meridionally broad SST anomaly akin to that
occurring during Pacific decadal variability Zhang et al. (28)
would not have as high a value of the north-south metric
as the observed trend does. The indices are plotted for
(C) the historical period (1958 to 2020), and (D) the period
1958 to 2050, using the SSP2-4.5 scenario for the future
periods (except for the HighResMIP models which use SSP5-
8.5). A trend toward an El Nifio-like state lies in the lower
left, toward a La Nifia-like state in the upper right. There
is some diversity in the magnitudes of the trends in the
observational datasets, with the HadISST [whose trend map
is shown in (A)] having the strongest La Nifia-like trend. The
overlap between models and observations in (C) is not zero,
but it is small, while (D) and (E) show that the simulated
future trends are even more strongly toward an El Nifio-like
state than those in the historical period.

Multiple explanations for the mismatch in trends shown
in Fig. 4 have been proposed, including ones involving
geographic changes in aerosol forcing (29, 30), Antarctic
ozone depletion (31), or sea ice melt (32). Seager et al. (33)
argue, onthe other hand, thatitis a consequence of the well-
known cold tongue-double Intertropical Convergence Zone
(ITCZ) bias that is common to virtually all past and present
ESMs (34, 35). A model's cold tongue-double ITCZ bias is
manifest in a simulated equatorial cold tongue in the east-
ern equatorial Pacific thatis colder than observed during the
historical period, and a southern hemisphere tropical rain
belt, or ITCZ, that extends eastward, parallel to the equator,
further than in observations. Seager et al. present evidence
that by inducing a specific set of errors in the air-sea fluxes

PNAS 2023 Vol. 120 No. 33 e2209631120

of water, heat, and momentum over the equatorial eastern
Pacific, this bias is responsible for the models’ tendencies
to produce the trends toward an El Nifio-like mean state
in response to greenhouse gas forcing and that the correct
response—and one consistent with observations over the
last five decades—is opposite in sign, toward an increased
SST gradient and a La Nifia-like state. In this view, the
relative cooling in the east is a consequence of the ocean
dynamical thermostat (36), an oceanic mechanism. The
models, on the other hand, appear to be responding more
strongly to the weakened Walker circulation, a consequence
of atmospheric dynamics (37); increased thermal damping
of the zonal SST gradient with warming (38, 39) also acts
in the same direction. These mechanisms are all present in
models (and, presumably, in nature), and compete, along
with other possible mechanisms, to determine the Pacific
response (40, 41); the argument here is that the ocean
dynamical thermostat wins, at least for now and the next few
decades, in nature, while the weakened Walker circulation
and/or increased thermal damping wins during this period,
erroneously, in the models. Atmosphere and surface ocean
mechanisms for changes in the zonal gradient and sources
of bias in models are discussed by Lee et al. (27) and Coats
and Karnauskas (42) argue for a role for model biases in
upper ocean circulation.

Coupled ocean-atmosphere models broadly similar to
those used in CMIP are also used in seasonal climate
prediction, where they are initialized with the observed cli-
mate state and run for relatively short times. Though these
forecast integrations are not designed to examine long-
term trends, such trends can be evaluated from long (over
three decades) hindcast runs. Analyses of these simulations
show that as forecast lead time increases, the long-term
trends in the eastern equatorial Pacific become increasingly
different from those observed, in the sense we would
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expect from the CMIP results. The short-lead forecasts,
which remain relatively close to the observations with which
they are initialized, show a cooling trend; while the long-lead
forecasts, in which model dynamics and biases increasingly
take over as the runs progress, show a warming trend that
increases with lead time (43, 44). Most of the models include
realistic greenhouse gas concentrations over the period, so
it is plausible to see this error in the simulated trends as
resulting from the same model biases as do those in the
CMIP5 and CMIP6 results.

Implications for Present and Future Tropical
Cyclone Risk

To the extent that trends in the pattern of equatorial Pacific
SST simulated by ESMs may be wrong as described above, it
implies a specific pattern of error in the forced component
of TC activity simulated by those models, whether directly or
through downscaling. This possibility should be taken into
account in views of both present and future TC risk. Below,
we discuss the implications for specific basins.

Our focus here is on changes in the tropical Pacific mean
state, which can create more or less favorable conditions
for TC genesis or intensification. To the extent that the
mean state changes resemble those we observe during
El Nifio or La Nifla events, we assume that changes in
TC activity will have corresponding changes familiar from
those events historically. It is also possible that changes in
the tropical Pacific mean state could change the amplitude
of ENSO variability or could modulate the nature of ENSO
teleconnections (even if the ENSO variability amplitude does
not change), either of which could affect TC activity in ways
that could be different from the effects directly induced by
mean state changes. We do not attempt to determine the
extent to which these latter possibilities occur, but only point
out that projected changes in ENSO variability are highly
uncertain and differ across multimodel ensembles, perhaps
even more so than mean state changes (45).

Implications for the North Atlantic. TC activity in the North
Atlantic is historically affected by the state of the equatorial
Pacific, which varies interannually due to ENSO and also by
SSTs in the North Atlantic (46-48). The latter vary on mul-
tidecadal time scales, due to some combination of internal
atmosphere-ocean dynamics and radiative forcing. It has
been argued that the North Atlantic climate and TC varia-
tions in the late 20th century, in particular, are in large part
radiatively forced (49, 50), with decreases in aerosol forcing
playing a particularly large role in the North Atlantic warm-
ing, and associated increase in TC activity, from the 1970s
and 1980s to the more recent period. It is also possible that
the trend to more La Nifa-like conditions in the Pacific dur-
ing the late 20th and early 21st centuries could have played
a role, however, since we would expect that trend to be
associated with increased Atlantic TC activity, all else equal.

If the future forced trends in the tropical Pacific SST
pattern resemble the trends observed over the last 50 y,
rather than those simulated by ESMs—that is, if the forced
trend is toward a La Nifla-like rather than an El Nifio-like
state—then the future Atlantic may be very different from
that the model projections indicate. The projections portray
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a future with decreased Atlantic TC activity (Fig. 1), whereas
a future in which present trends toward a La Nifia-like
Pacific continue can be expected to see increased Atlantic
TC activity.

Implications for the North Pacific. In El Nifio years, TC activity
in the eastern and central North Pacific increases. Over
the western North Pacific, the typical genesis region for
typhoons shifts eastward and equatorward, compared to
whereitisin normal or La Nifia years. As these storms follow
their typical tracks westward, they have longer lifetimes dur-
ing which to intensify, and typically obtain greater intensities
(51). Although the total number of western North Pacific
storms forming each year does not vary systematically with
ENSO, the number of the most intense storms does increase
with El Nifio and decrease with La Nifia, and integrated
measures of storm activity do as well.

Projections of trends in future Pacific TC activity have
much in common with the patterns observed historically
during El Nifio events. Relative to the global mean trend,
they show increased activity across the North Pacific, though
the precise distribution of change varies between models
(and between HighResMIP and CHAZ overall, in Fig. 1). These
responses are presumably consequences of the projected
SST pattern change, at least in part, and are likely to be
overestimates if that pattern change is erroneous.

Implications for the North Indian. Variations in TC activity
over the north Indian Ocean are affected both by the state
of the tropical Pacific and by local climate variations, both
of which are subject to similar biases when simulated in
models. The Arabian Sea in particular has seen a substantial
increase in TC activity in recent years (e.g., ref. 52 or see
Fig. 3). Storms occur infrequently in this region, so their
statistics are noisy. It has nonetheless been argued that the
increase in the postmonsoon season (one of two TC seasons
in the region, the pre- and post-monsoons, as TCs are sup-
pressed during the monsoon season itself) is attributable to
anthropogenic forcings, including greenhouse gas forcing
(53). In models, greenhouse gas forcing leads to a warming
of the Arabian Sea which exceeds that of the Bay of Bengal,
favoring cyclones in the former, potentially explaining the
recent trend in observations. While this relative Arabian Sea
warming is robust across models (54-56), it has been argued
that it is in fact a spurious consequence of model bias (57),
though again this conclusion has been disputed (58).
There is no question that, in the simulated mean state
of the atmosphere and upper Indian Ocean, the SST is too
warm in the west and too cold in the east of the equatorial
Indian Ocean, accompanied by surface winds that are too
easterly (e.g., ref. 59), all somewhat reminiscent of Pacific
model biases. In terms of the dominant mode of interannual
variability, the so-called “Indian Ocean Dipole” (60), or 10D,
tends to reside in a more positive state in the models
than in observations. In the recent historical period, the
Indian Ocean has also warmed more, both in the absolute
sense and relative to the entire tropics, in observations than
models (10). The question is whether, and if so how, the
mean state bias affects simulated trends in the response
to radiative forcing. This debate is analogous to that we
describe above regarding the Pacific. Could the simulated
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Indian Ocean trends be in part forced by the Pacific trends?
It seems plausible, since on an interannual basis the 10D is
known to be influenced by ENSO (e.g., refs. 61 and 62); an
increasingly El Nifio-like Pacific in the models with warming
(right or wrong) would be expected to induce a more positive
IOD state, with greater warming of the Arabian Sea. This is
speculation, but it is in any case reasonable to conclude
that projections of north Indian Ocean TCs are subject to
as much question as those in other basins, because of the
possibility that biases, both those in the Indian Ocean basin’s
own dynamics and in the Pacific, may be determining the
structure and sign of the forced trends.

Implications for the Southern Hemisphere. Studies from over
a decade ago (20, 63) showed TC activity in the Southern
Hemisphere shifting northward during El Nifio years and
southward during La Nifia years, consistent with changes in
the environment for tropical cyclogenesis; zonal expansions
of the region of TC activity to the east over the Southwest
Pacific and to the west over the Southern Indian Ocean are
also apparent in El Nifio years, with corresponding contrac-
tions in La Nifia years, in these studies. (There is almost
no TC activity over the South Atlantic or Southeast Pacific,
in any years, so the Southwest Pacific and South Indian
basins account for approximately all Southern Hemisphere
TC activity.) Fig. 2, with more data than the earlier studies
cited above, is broadly consistent with this picture but shows
more of a decrease over the South Indian Ocean in El
Nifio years. Overall, TC activity is reduced in the Southern
Hemisphere during El Nifio years and increased during La
Nifia years.

HighResMIP projections of Southern Hemisphere TC ac-
tivity are broadly consistent with the El Nifio pattern, show-
ing an eastward shift over the Pacificand a net decrease over
the Indian Ocean. The CHAZ trends are broadly consistent
over the Indian Ocean, but the Pacific increase extends
less far to the east. Recent observation-based studies have
generally found an absence of statistically significant TC
activity trends in Southern Hemisphere basins (63-65).
However, Klotzbach et al. (66) find a decreasing trend in
Southern Hemisphere TC activity, which they attribute to
the trend toward La Nifia conditions in the Pacific.

The Time Frame

The ocean dynamical thermostat mechanism (36), hypothe-
sized to be responsible for the recent historical trends in the
tropical Pacific, may be transient. It results from the greater
near-term greenhouse gas-forced warming in the upper-
most ocean than in the subsurface ocean within and below
the thermocline, in the equatorial eastern Pacific. Because
of the resulting increase in vertical temperature gradient,
the cooling effect of upwelling in the equatorial eastern
Pacific is enhanced. The subthermocline water reaches the
equator via subduction from the surface in the subtropics as
partof the upper ocean’s meridional overturning circulation.
This water is warmed by greenhouse gas forcing as well,
since the subtropical surface ocean is also exposed to that
forcing. Because it takes decades for this water to reach
the equatorial subsurface, however, its warming lags that
of surface waters, resulting in relative surface cooling (i.e.,
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a lesser degree of warming) in the equatorial cold tongue,
compared to elsewhere, as this water upwells and mixes
to the surface. It is possible, then, that the disagreement
of ESMs with observed trends will continue for several
decades, but eventually diminish, if and when Earth’s climate
reaches a new equilibrium under stabilized greenhouse
gas concentrations, such that the difference in warming
between the equatorial Pacific surface and subsurface
disappears. This is by no means certain, however; a number
of uncertainties about the equilibrium solution remain,
including how much the SST warms in regions of subduction
and whether locations of subduction and interior pathways
shift along with wind systems. But if true, it implies that the
greatest disagreement between models and observations
may occur in coming decades and diminish by the end of
the century.

Even if the ESMs' response to warming in the tropical
Pacific is correct as an equilibrium response, the hypothe-
sized transient errors are likely to be greatest during the
historical period and the next few decades and will be
important during that period. For many practical purposes,
several decades is a long time. In the sixth assessment
report of the IPCC, however, the concerns about Pacific
biases raised here are addressed only briefly. Some pos-
sible reasons for the disagreement between models and
observations are discussed (67, figure 3.16), and it is noted
that the thermostat mechanism and the associated pattern
of warming “may not persist to equilibrium” due to eventual
subsurface warming (68). While this is a scientifically defen-
sible statement (e.g., ref. 69), it glosses over the importance
of the issue to climate adaptation projects, many of which
have time frames of decades or less. To the extent that
planning of such projects is informed by near-term climate
prediction or projection, it is the errors in the simulated
transient response of the tropical Pacific that are the most
relevant, not the equilibrium response.

The possible model errors discussed here will be conse-
quential not only for future projections but for estimates
of present risk. Because of large internal variability on
interannual and longer time scales, it is not straightforward
to ascertain from observations alone how present risk may
differ fromthatin the recent historical past—as defined, say,
by an average over the last 50 or 100 y. For some purposes
it is desirable to quantify the contribution of anthropogenic
radiative forcings to this difference.

In this regard, it is likely that recent trends in TC activity
have been influenced by recent trends in tropical Pacific
climate. Over the last couple of decades, the North Atlantic
has been relatively active, for example, while the western
North Pacific has been relatively quiet, on average (70).
The active Atlantic is likely a consequence of relative North
Atlantic warming (71, 72) for which the relative roles of an-
thropogenicforcing (49, 50, 73) and internal ocean dynamics
(74) are a topic of active debate. These TC signals are also
broadly consistent, however, with the trend toward a more
La Nifia-like Pacific. The observed Pacific trend also surely
is a consequence of a combination of internal, unforced
Pacific decadal variability and anthropogenic forcing, with
the relative importance of the two components being the
question at issue. If as we suggest here, the anthropogenic
signal explains the sign of the trend over the last several

https://doi.org/10.1073/pnas.2209631120

7 of 10



Downloaded from https://www.pnas.org by COLUMBIA UNIV LIB SAS-ELECTRONIC MATERIALS on October 1, 2023 from IP address 160.39.49.13.

decades, it implies that the recent La Nifia-like state, and
associated TC activity signals, are likely to persist, and thus
can be taken as representative of longer-term risk. On the
other hand, if the recent Pacific trend is predominantly due
to internal variability (as ESMs might lead one to believe,
since they simulate the opposite trend in response to GHG
warming), itimplies instead that this trend is misleading as a
guide to current and near-future risk and instead is likely to
reverse. Of course, it need not be entirely one or the other;
both internal variability and errors in the forced response
may well have contributed to the discrepancy between
models and observations. Overall, it is our assessment
that multiple future possibilities—a continuing La Nifia-like
trend, a reversal of that trend such as ESMs predict, and the
range of possibilities in between—need to be considered,
until future research can reject one in favor of the other.

Other Perils

While we have focused on TC activity, the same issue
affects most other climate-related perils. Drought, extreme
precipitation, severe convective storms, and other kinds of
extreme events, occurring in many parts of the world, are
strongly influenced by the state of the tropical Pacific. If the
ESMs' responses to greenhouse gas forcing in the tropical
Pacific have the wrong sign, that will introduce systematic
and possibly large errors into any assessment of the climate
change signal, present or future, in those perils, as with TCs.

Asalient example is drought in southwest North America.
On interannual to decadal timescales it has been well es-
tablished that when the central to eastern equatorial Pacific
is cooler than normal, the associated reduced convective
precipitation drives Rossby wave trains that place an anoma-
lous high over the North Pacific Ocean. This displaces the
extratropical westerlies and storm track poleward bringing
dry conditions to southwest North America (75-77). The
equatorial Pacific SST pattern also affects the intraseasonal
to interannual variability in this region, and thus seasonal
predictability there (78, 79). Until recently, the southwest
was in serious drought, to which an extended multiyear La
Nifia was certainly at least a substantial contributing factor;
and drought has prevailed generally since the 1997/98
El Nifio because of the cool-tropics phases of the Pacific
Decadal Oscillation (80, 81), while models project increases
in this region in the future (82). A strengthened zonal
SST gradient is also implicated in reduced precipitation
during the short rains during northern hemisphere fall
in the Horn of Africa. As in the case of southwest North
America, the Horn of Africa has been experiencing drier
conditions this century than in the end of the 20th century,
despite climate models projecting a wetter future for the
region (83, 84). Similarly, an enhanced tropical Pacific SST
gradient favors drought in extratropical Central America,
both in the Mediterranean-type climate of Chile and the
wet summer climate east of the Andes (e.g., ref. 85, and
references therein). A stronger tropical Pacific zonal SST
gradient response to rising GHGs would enhance drought
risk for the American southwest, where water resources for
agriculture and people are seriously stressed and fire hazard
is intensifying; for the Horn of Africa, which already strug-
gles with food security; and for southern South America,
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which is a major player in global commodity crop markets.
Consequently, CMIP6 models with enhanced Pacific cold
tongue warming and a reduced zonal SST gradient might
be underestimating drought risk in these three important
regions with knock-on effects on ecosystems and local and
global food security.

ENSO also modulates the frequency of US severe thun-
derstorms (ones that produce tornadoes, large hail, or
damaging straight-line winds), particularly in the southeast
in winter and early spring (86-88). Overall, increased US
severe thunderstorm activity is expected during La Nifia
conditions, though the opposite signal is seen in Florida,
where increased tornado activity is typically expected during
El Nifio episodes. Quantifying the ENSO signal in US severe
thunderstorm activity is challenging because the signal is
modest and thunderstorm activity is highly variable and
does not have a long robust observational record. A clearer
picture emerges by considering vertical wind shear and
convective available potential energy (CAPE), meteorological
factors that are favorable for thunderstorms and which
are both enhanced during La Nifia conditions. Examination
of the same quantities in climate change projections finds
upward trends in CAPE and little or downward trends in
vertical wind shear, which together combine for an upward
projected trend in severe thunderstorm activity in the
United States and most of the world (89, 90). A Pacific bias
toward an El Nifio-like mean state would suggest that the
projected US climate change signal in severe thunderstorm
activity has been underestimated. Interestingly, observa-
tional studies that have detected trends in US thunderstorm
report data have also found trends in wind shear, not
CAPE, to be the dominant factor, perhaps reflecting the
observed trend to more La Nifia-like conditions in the Pacific
(91-93).

Solutions

Ongoing scientific debate notwithstanding, the evidence
that current ESMs’ simulations of the response of the tropi-
cal Pacificto greenhouse gas forcing are wrong is compelling
enough that this hypothesis needs to be fully fleshed out.
Given the importance of trends in extreme events, and the
sensitivity of those trends to the state of tropical Pacific,
there is a critical need to develop alternative projections
in which the forced Pacific trends are consistent with the
trends observed in recent history. These could be used to
test what the implications are for extreme events of a forced
trend toward a La Nifia-like state, as well as for necessary
adaptation strategies in the near term. At a minimum, this
is necessary if we are to characterize the current state of
scientific uncertainty adequately for applications.

The ideal solution, of course, would be to develop ESMs
that do not have any systematic biases that could cause
errors in the forced Pacific trends, whether that be the
Pacific cold tongue-double ITCZ bias or others. If such
models were to exist and could simulate recent historical
trends in the tropical Pacific similar to those observed, we
would consider their future projections much more reliable
than those we have today. If this were straightforward to do,
however, it would have been done already; instead, the cold-
tongue-double ITCZ bias, in particular, has proved resistant

pnas.org



Downloaded from https://www.pnas.org by COLUMBIA UNIV LIB SAS-ELECTRONIC MATERIALS on October 1, 2023 from IP address 160.39.49.13.

to many generations of model development effort. In the
near term, then, some form of bias correction is probably
necessary. Flux adjustment (94), though long unpopular in
climate studies, is justified in cases where prediction is the
goal and where skill is demonstrably improved by it. In
seasonal TC forecasting, for example, it has recently been
used (95). We argue that it is justified in longer-term climate
prediction and projection as well, given the importance of
the tropical Pacific. Any other bias correction approaches
(e.g., nudging of the model state to that observed) that exist
or can be developed should also be tried.

At present, in any case, those using ESMs for risk assess-
ment of extreme events (including via downscaling) should
be aware of the possibility that their simulated tropical
Pacific response to greenhouse gas forcing may be wrong,
and that this may strongly influence their simulated trends
in extreme events. This applies to estimates of historical,
present, and future risk, and to extreme events either
simulated directly by the ESMs or generated offline by
downscaling methods. In the case of TCs, this means, all
else equal, that the risk is likely being underpredicted in the
Atlantic and overpredicted in the Pacific, for example.

More generally, those using ESM-derived assessments
of climate risk for applied purposes should understand
the nature of the scientific uncertainties inherent in those
assessments. While multimodel ensembles may be able to
characterize some aspects of the uncertainty, they will fail to
do soif and to the extent that there is reason to suspect that
most or all models share a common error. Here, we argue
for considering the hypothesis that the entire ensemble
is simulating the trend in the pattern of Pacific warming

qualitatively incorrectly, as a consequence of a common
model bias. There is now substantial evidence that this bias
may be causing erroneous trends in a highly consequential
aspect of the tropical climate, and through that, in TCs and
other extreme events. If true, this conclusion implies a need
for substantial changes in how various regions of the globe
prepare for future societal impacts from climate-related
shifts in extreme weather events. While there are no easy
resolutions of this difficulty, we hope greater awareness of
the issue sparks both more urgent research to address it,
and greater appreciation of the nature of the uncertainty in
the meantime.

Data, Materials, and Software Availability. Somestudy dataavailable
[Tropical cyclone tracks downscaled from CMIP6 using the CHAZ model can be
shared for research purposes but cannot be shared with some commercial
companies due to restrictions from the research sponsor, Aon. Thus, we will
provide these data upon request. All other data, including the data shown in
the figures from the CHAZ tracks (which are summary statistics) can be freely
shared. The CMIP6 and observation-based SST data as well as the HighResMIP
tropical cyclone track data are available at the links given in the supplemental
information. Analysis codes and the data shown in the figures are available at
https://github.com/cl3225/Sobel-et-al-2023-PNAS (96)].
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