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On the future zonal contrasts of equatorial Pacific climate:
Perspectives from Observations, Simulations, and Theories
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Changes in the zonal gradients of sea surface temperature (SST) across the equatorial Pacific have major consequences for global
climate. Therefore, accurate future projections of these tropical Pacific gradients are of paramount importance for climate
mitigation and adaptation. Yet there is evidence of a dichotomy between observed historical gradient trends and those simulated
by climate models. Observational records appear to show a “La Nifa-like” strengthening of the zonal SST gradient over the past
century, whereas most climate model simulations project “El Nifio-like” changes toward a weaker gradient. Here, studies of these
equatorial Pacific climate trends are reviewed, focusing first on data analyses and climate model simulations, then on theories that
favor either enhanced or weakened zonal SST gradients, and then on notable consequences of the SST gradient trends. We
conclude that the present divergence between the historical model simulations and the observed trends likely either reflects an
error in the model’s forced response, or an underestimate of the multi-decadal internal variability by the models. A better
understanding of the fundamental mechanisms of both forced response and natural variability is needed to reduce the uncertainty.
Finally, we offer recommendations for future research directions and decision-making for climate risk mitigation.
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INTRODUCTION

Future sea surface temperature (SST) changes in the equatorial
Pacific will have major consequences for the global climate,
mainly via their influence on deep convection in the tropical
atmosphere. This deep convection tends to form where the SST is
particularly high relative to the rest of the tropics, which is why the
Indo-West Pacific warm pool is home to most of the world’s
atmospheric deep convection. The condensation of moisture
within areas of deep convection releases latent heat, which drives
or modulates much of the large-scale circulation of the tropical
atmosphere (including the Hadley and Walker cells), and
influences the extratropical circulation as far away as the Arctic
and Antarctic. Tropical SST and convection patterns also affect
tropical cyclone formation and development, the orientation of
the extratropical Pacific storm track, and the risks of severe
weather, floods, and droughts over the continents. The tropical
Pacific is also the main oceanic source of CO, flux to the
atmosphere. Tropical Pacific variability directly modulates the air-
sea CO, flux and drives hydrological variability that also strongly
influences continental vegetation, which serves as the main
terrestrial sink of atmospheric CO,.

Most climate model simulations generally show similar global
mean warming trends as those observed over the past century.
Yet in the tropical Pacific region, observed multidecadal trends in
large-scale SST, sea level pressure (SLP), and wind patterns have
not been reproduced in most climate model simulations.
Observational records appear to show strengthening zonal
gradients in equatorial Pacific SST over the past century (Fig.
1A). SLP observations are more limited and uncertain prior to the
1950s, but afterward, the trend toward a weaker SLP zonal
gradient slows, and then reverses toward a stronger gradient. A

tropical Pacific trend toward stronger SST and SLP zonal gradients
may be described as roughly “La Nifa-like,” even though the
pattern and underlying physical mechanisms differ to some extent
from La Nifa, the cool phase of the naturally occurring seasonal-
to-interannual climate mode known as the El Nifo-Southern
Oscillation (ENSO). (“El Nifo-like” is used as a similar shorthand to
describe trends toward weaker equatorial Pacific zonal gradients
of SST and SLP, although again, the physical processes of the long-
term El Nifio-like model projections differ to some extent from
those of seasonal-to-interannual El Nifio events.) In contrast, most
climate model simulations over the same period show a relative El
Nifo-like change toward weaker gradients, superimposed on
tropics-wide warming (Fig. 1B). This El Nifo-like trend becomes
more pronounced in model projections of the 21st century, and
the discrepancy between modeled and observed trends persists in
the latest CMIP6 model simulations'? Future projections from
these models are often used to plan climate mitigation and
adaptation at regional scales, which will depend on the future
state of the tropical Pacific. Therefore, it is critical to consider the
plausible range of future tropical Pacific climate changes using
models, observations, and theories, and to understand the
broader implications of these changes. The question of how
ENSO variability would respond to global warming has been
addressed elsewhere'** and so is not the focus of this paper.
Instead, we review the plausible range of long-term future
changes in the zonal SST gradient and Walker circulation within
the equatorial Pacific region, based not only on model projections
but also on observations and theories.

With this goal in mind, we first summarize modeling and
observational studies that suggest differing trajectories for the
tropical Pacific climate. Next, we describe hypothesized
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Fig. 1 SST trend (°C [100 yr]-1) from 1900-2013. A observation-based data and (B) 83 CMIP5 simulations from 41 models with historical

radiative forcing; RCP future projection values are used after 2005. In (A), the SST reconstructions used for each panel are indicated on the y
axis. Also in (A), the left column shows the unfiltered trend and the right column shows the trend with linear El Nifo-Southern Oscillation
dynamics removed using an optimal perturbation filter'®°. The numbers in (A) are the values of the trend in the SST difference between the
two boxes, one over the western tropical Pacific, and the other over the eastern tropical Pacific. The range of the CMIP5 trends (°C/century) is

shown in (C). These plots are adapted from ref. 22> which provides additional information on the data used.

mechanisms that would support either of these trajectories, and
discuss the potential consequences of getting the future
projections wrong. Lastly, we highlight research avenues that
could help to improve and build confidence in future projections
of tropical Pacific climate.

OBSERVED AND SIMULATED TRENDS IN EQUATORIAL PACIFIC
CLIMATE

Identifying observed trends in tropical Pacific climate is muddied
by the varying methods, datasets, and time periods used. This
section partitions the literature into studies that detect El Nifo-like
trends in tropical Pacific variables, those that predominantly
identify La Nifa-like trends, and studies arguing that the trends
are mixed or that neither El Nifio nor La Nifa patterns project onto
observed trends. Although not the basis for the classification
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below, El Nifio-like trends appear more often in studies emphasiz-
ing future long-term projections from models (e.g. from the
Coupled Model Intercomparison Project (CMIP)), whereas La Nifna-
like trends are suggested more in studies prioritizing the recent
historical observational-based data. Assessments of the tropical
Pacific sensitivity to long-term climate change from observational
records are limited by dataset uncertainties (especially prior to the
1950s°), and by the single real-world realization that is available to
characterize externally-forced changes. Model projections have an
advantage of providing longer records, larger ensembles, and
multiple scenarios to assess the roles of individual forcers, while
being limited by systematic (and often shared) model biases, such
as an excessive equatorial Pacific cold tongue, a tendency towards
a double Intertropical Convergence Zone (ITCZ) in the eastern
Pacific, and an overly aggressive historical warming trend of the
tropical upper troposphere®=2,
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“El Nifio-like” trends toward weaker zonal gradients

Several studies®'® have provided a physical explanation for the El
Nifo-like response to increased greenhouse gases seen in coupled
general circulation models (see the next section on theories for a
fuller description). Observed SLP trends during 1861-1992 were
analyzed and found to corroborate the projected reduction in
strength of the Pacific Walker circulation''. The observed SLP
trends were only reproduced in the GFDL CM2.1 model when
anthropogenic forcing was imposed, suggesting that El Nifo-like
trends were a consequence of global warming. This conclusion
was reinforced by all of the CMIP3 models evaluated in the IPCC
AR4, which showed a weakening of the Walker circulation'?.

Even with the discovery of long-term weakening trends in
several different SLP datasets, discrepancies among the observa-
tional SST datasets over 1880-2005 were noted, with warming
trends in the eastern Pacific in ERSST, and cooling trends in
HadSST'>', Ref. '® also noted disagreements in the zonal SST
gradient trends among observational SST datasets (ERSSTv3b'S,
HadISST'’, ICOADS), but showed that using only bucket-sampled
SSTs (to avoid biases caused by measuring temperatures at the
ship engine intakes'®) and nighttime marine air temperatures (to
avoid the daytime heat island effect) revealed a weakening zonal
SST gradient over the period 1950-2009. AGCMs forced by the
merged bucket-nighttime SST dataset simulated a weakening
Walker circulation'.

Despite uncertainties in the observational zonal SST gradient
trend, most of the latest global warming projections from coupled
climate models project a future weakening of the Pacific zonal SST
gradient along the equator?®?'. Historical CMIP simulations from
1950-2010 indicate SST warming that is most apparent near the
equator, though there is a discernible shift in the location of peak
warming from the western and central Pacific in CMIP3 to the
eastern Pacific in CMIP522, The appearance of a more El Nifio-like
SST trend pattern in CMIP5 and CMIP6 has been recognized in a
number of studies'>?3=%’, An even stronger simulated El Nifo-like
pattern in SSTs and in the tropical atmospheric circulation appears
when a statistical correction is applied to the CMIP5 RCP8.5
projections?®~3%, in an attempt to account for systematic errors
among coupled models—including SSTs that are too cold in the
central equatorial Pacific and too warm in the southeast tropical
Pacific—which influence the simulated dynamical responses of
the tropical Pacific to changing radiative forcings.

La Nina-like trends toward stronger zonal gradients
Examining the 1900-1991 period using several oceanic data-
sets®1733, ref. 34 found a La Nifa-like trend of cooling in the central-
to-eastern Pacific Ocean and a strengthening of the western/
central Pacific westward SST gradient. With the more recent
expansion of observational datasets and a longer climate record, it
appears that this overall tendency has continued through at least
2020%3536, Using some of the most frequently cited SST datasets
(HadISST1"7, Kaplan Extended SST>3, ERSSTv3', ref. 37 determined
that the zonal SST gradient had strengthened from 1880 to 2005,
most prominently during boreal fall and winter. SST datasets that
include more recent time periods show the continuation of La
Nifa-like trends*3®. Analyses of companion SLP datasets
(HadSLP23%8, Kaplan SLP*°, ERSLP*°) showed disagreement in the
zonal SLP gradient trend among the datasets, with HadSLP2 and
Kaplan SLP suggesting weakening during the boreal spring, and
ERSLP exhibiting no statistically significant trend for any season®”.
Upon removing the linear component of ENSO dynamics from
various SST datasets using Linear Inverse Modeling (LIM), a more
consistent strengthening of the SST gradient over 1900-2010 was
discovered'. The LIM was used to filter out additional internal
variability and resulted in more agreement in the trend among
various SST datasets?® (right panels of Fig. 1A).
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In addition to SST, a closer examination of SLP records also
pointed in the direction of La Nifa-like trends for more recent
decades, when the observations have better coverage and there is
more agreement between datasets. An examination of SLP
records for different lengths of time and different datasets
revealed 30-year running trends toward higher (i.e. “El Nifo-like”)
SLP over Indonesia prior to the early 1970s, then followed by
trends toward lower (i.e. “La Nifa-like") SLP afterward, with weaker
opposite-signed SLP trends over the eastern Pacific Ocean°.
Overall, SST and SLP trends can be sensitive to the datasets used,
the duration examined, the spatial reference points for the
gradient calculation, and the start and end dates.

Enhanced observations over the past few decades allow for the
analysis of trends in other variables beyond SST and SLP. Several
studies*’ ™ used satellite-based observations of precipitation,
atmospheric moisture, and water vapor transports to identify a
recent strengthening of the tropical Pacific Walker circulation. In a
30-year record from 1979-2008, a significant trend in the Pacific
Walker circulation was identified in a number of interconnected
variables — SST, SLP, and atmospheric convection, moisture, and
winds in the boundary layer**. The strengthening of the Walker
circulation was also inferred from observations of sea level (from
satellite altimeters and tide gauges), and outgoing longwave
radiation*>*”. Over a similar period (1979-2012), the Pacific Walker
circulation strengthened and shifted westward, and the La Nifa-
like trends in SST were enough to reproduce the trends in the
Walker circulation in an associated set of simulations of an
atmospheric model forced by observed SSTs*8, While corrobora-
tion among multiple types of variables is helpful, trends over short
epochs can also be strongly influenced by internal variability,
particularly the decadal regime-like shifts in 1976/77 and 1997/
98%495% The impact of (known) internal variability on SST trends is
further discussed below.

El Nifno- or La Nina-like Trends are Mixed, transient, or Not
Sufficiently Clear

A study of a global warming scenario from 20 CMIP3 coupled
climate models determined that the simulated future trends in the
equatorial Pacific zonal SST gradient were neither robustly El Nifio-
like nor La Nifia-like®'. Models with more realistic representations
of historically observed ENSO patterns (in terms of SST, SLP, and
precipitation) also tended to produce smaller projected future
trends in the equatorial Pacific zonal gradients.

In a coupled climate model simulation with radiative forcing
instantaneously returned from present-day levels to preindustrial
levels, it was inferred that the fast response to increasing
greenhouse gases produces a more La Nifa-like pattern with an
enhanced zonal temperature gradient, while the slow response is
more El Nifo-like; similar conclusions have been drawn based on
simulations with models subject to transient and/or abrupt CO,
increases of varying magnitudes®?°3, The slow response is
calculated as the average of the 10-30 years following the forcing
change, and the fast response is the difference between the slow
response and the 20 years centered on the forcing change. In
doubled CO, experiments, 7 out of 11 models considered by ref. >
initially indicate La Nifa-like changes that eventually become
more El Nifo-like. These model behaviors were interpreted as the
oceanic thermostat being more pronounced on transient time-
scales, because the eastern Pacific remains sensitive to cool
upwelling waters that have not yet been affected by global
warming>2>%. The hypothesis is that in the initial stages of global
warming, the eastern Pacific SST response is dominated by the
increased vertical stratification of temperature, which acts through
upwelling to inhibit warming of the surface. Eventually, however,
this effect fades as warming surface waters subducted in the
subtropics eventually reach the equatorial subsurface, weakening
the stratification and warming the upwelling waters. This time-

npj Climate and Atmospheric Science (2022) 82



npj

S. Lee et al.

4

dependent response is, however, by no means common in
coupled models. If a transient La Nina-like response occurs in
models then the tropical Pacific SST trends over recent decades,
during which subsurface waters have warmed less than surface
waters, should be La Nina-like. However, no models have the
transient forced response that strengthen the zonal gradient by as
much as observed over the 1958 to 2018 period (Fig. 4B).

Role of internal variability

From the aforementioned studies, it is evident that most climate
models simulate and project El Nifio-like future trends, while most
observational studies (on time spans longer than several decades
to a century) point to La Nifa-like historical trends, especially in
recent decades. These observational trends are largely acknowl-
edged, but whether they are radiatively forced or arise from
internal variability continues to be intensely debated®. The well-
measured record remains relatively short, and the natural climate
variability of the Pacific is large. The tropical Pacific SST went
through decadal regime-like transitions in the early 1940s, the
mid-late 1970s and the late 1990s, with the intervening period
being warmer in central and eastern tropical Pacific than the
earlier and later periods®>=’. Trends that place the 1970s in the
middle of the period therefore show warming of the central to
eastern equatorial Pacific’® while those that place the late 1990s in
the middle show cooling of the same region*. Because CMIP
models simulate some tropical Pacific decadal variability?, it is
possible to find agreement in model and observed trends for
some time periods and some models25>°,

What is striking about the observed strengthening of the
equatorial zonal SST gradient is that it is also persistent in trends
calculated over centennial timescales. These longer epochs span
several transitions in Pacific decadal variability, and so their trends
are less likely to be influenced by natural decadal variabil-
ity?3353760 Trends over these longer periods show widespread
SST warming over the tropical Pacific, but a narrow, equatorially-
confined band with little warming, or even some cooling, in the

central to the eastern basin (Fig. 1A). The equatorial confinement
of the lack of warming is distinct from the meridionally broader
cooling that arises from cold phases of Pacific decadal varia-
bility>>=>’. The persistence of the zonal gradient strengthening in
trends evaluated over long periods, and its distinct spatial pattern,
suggest that it may arise from mechanisms other than those
associated with natural decadal variability, e.g., a radiatively-forced
response.

To assess whether the discrepancy between observed and
simulated trends is attributable to internal variability, one can
check whether the observed trends lie within the ensemble
spread of coupled GCM simulations with historical radiative
forcing, since each ensemble member potentially mimics the
single realization provided by observations.

Ref. ! concluded that observed 20- and 50-year trends in the
zonal SST and SLP gradients remain within the spread spanned by
climate models (preindustrial runs from CMIP5, and preindustrial
and present-day integrations of the Kiel Climate Model), although
the observational datasets would reflect a more extreme
realization of the simulated internal variability. In another study,
trends in several atmospheric and oceanic variables and datasets
over varying 30-to-65-year spans were examined alongside the
CESM large ensemble®. This study showed that the CESM was
able to capture a strengthening zonal gradient in its members
during 1979-2014, but not the observed intensity of the change.
The strengthening SST gradient over 1951-2010 was shown to fall
within large ensembles (Fig. 2), but that many of these same
simulations then reverse sign—that is, project a weaker SST
gradient into the future®®. In general, it is rare within such
ensembles to find a historical strengthening of the zonal SST
gradient that is comparable to that observed over the past 50
years.

In contrast, other studies have concluded that observed trends are
inconsistent with historical simulations. Among ~40 CMIP5 models
(~80 members total), none strengthened the equatorial Pacific zonal
SST gradient as much as observed over 1900-20132 (see Fig. 1).
During 1958-2017, observed trends in the Nifio-3.4 index (SST
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Fig. 2 Equatorial Pacific zonal SST gradient trend during 1951-2010. a Linear trends for 1951-2010 of the equatorial Pacific zonal SST
gradient, defined as the eastern Pacific (180°-80°W, 5°S-5°N) SST minus the western Pacific (110°E-180°, 5°S-5°N) SST from six observational
data sources (Obs), and 27 CMIP5 models. The S group (six models that show the largest magnitude of SST gradient strengthening) of CMIP5
models show a strengthening of the zonal SST gradient, and the W group (six models that show the largest magnitude of SST gradient
weakening) of CMIP5 models show a weakening of the zonal SST gradient. b Probability density function of the 1951-2010 SST gradient trends
in four large ensemble simulations indicated in the figure. The ensemble size is indicated in parentheses. Dots and bars in the left margin of
b indicate the means and 5-95% ranges for the observations, CMIP5 models (one realization from each model) and combined large ensemble

simulations. (Adapted from ref. 26).
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runs. The CMIP5 and LENS multimodel means for each 60-year trend are also shown as blue and black diamonds. Also shown are the
observational estimates from ECMWF, HadISST, National Centers for Environmental Prediction (NCEP)/NCAR and ERSSTv5 SST analyses.

(Adapted from ref. ?7).
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Fig. 4 Tropical Pacific SST Trends from 1958 to 2018. Trends in the east-west SST gradient as measured by (a western box (140°E-170°E,
3°S-3°N) minus an eastern box (170°W-90°W, 3°S-3°N); horizontal axis), north-south near-equatorial SST gradient (the average of off-

equatorial box (9°S-3°S, 3°N-9°N) minus equatorial box (3°S-3°N) al

| for longitudes 170°W-120°W; vertical axis), and the pattern correlation

between the HadISST and simulated SST in the Pacific Ocean 10°S-10°N domain (color dots). A 511 individual realizations (colored dots) from

45 CMIP6 models, and the multimodel ensemble mean (white star); (

B) Six multimodel LENS ensemble means (colored diamonds) and the six-

model LENS ensemble mean (white star). Also shown in each panel are observation-based estimates from HadISST, COBE, COBE2, ERSSTv5,
and ORAs5 (diamonds). Units for SST gradients are °C per 61 years. This plot is adapted from ref. 2 (© American Meteorological Society. Used
with permission.) which provides additional information on the data used and the methods.

anomalies averaged over 5°S-5°N and 170°W-120°W) lie either on the
cold fringe, or entirely outside of, the spread of CMIP5 historical
simulations?” (Fig. 3). Discrepancies in the zonal SST gradient
between the observed trends and model simulations persist in the
CMIP6 models? (Fig. 4). Moreover, notable discrepancies were found
between the observations and 35 runs of the NCAR Large Ensemble
(LENS) project>?’. These analyses indicate that the observed SST
trends ending in the current decade are at the very limit of the range
of trends in individual CMIP5, CMIP6, and LENS model runs. The
disparity between CMIP5 trends and the observational data has also
been noted in the acceleration of the Pacific Walker circulation®. In a
comparison of trends in the HadSLP2 observational dataset with 35
CMIP5 runs (forced by representative concentration pathways), it was
found that none of the models produced a statistically significant
acceleration in the Walker circulation like that observed during 1980-
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2012%. The dissimilarity in SLP trends between the coupled models
and observations was largest in the western equatorial Pacific.

THEORIES FAVORING ENHANCED OR WEAKENED EQUATORIAL
PACIFIC ZONAL SST GRADIENTS

Theories supporting a future El-Niiio-like eastward expansion
of atmospheric convection in the tropical Pacific

The first interpretations of the model-simulated tropical Pacific
response to CO, forcing were offered by ref. °. In response to a 1%
per year compounded CO, increase, their coupled ocean-
atmospheric model showed a 20% decrease in the equatorial
zonal SST gradient, weaker easterly surface winds, and weaker
ascent over the warm pool region. This weakening was despite a
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15% increase in precipitation and latent heating in the rising
branch of the Walker circulation. The weakening of the zonal SST
gradient was explained in terms of the surface energy balance,
with greater suppression of the surface warming in the West
Pacific (where the background SST is warm, and so the surface
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saturation water vapor pressure and evaporative cooling are more
sensitive to SST changes) than in the East Pacific (where the
background SST is cold)®?'%>. The weakening of the Walker
circulation occurs despite increased tropospheric latent heating
over the warm pool, due to increased dry static stability (static
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Fig.5 Hypothesized processes leading to El Nifo-like or La Nifia-like future. /n each row, the left panel shows the processes in the pre-industrial

climate and the right panel shows how those processes respond to greenhouse gas (GHG) warming and lead to changes in zonal asymmetry. These

“seeds” of zonal asymmetry change grow, through the Bjerknes feedback, into a more El Nifio-like or La Nina-like state. A Left: Convection is strongest

in the western Pacific where the SST is the highest. Latent heating warms aloft, and evaporation cools the ocean surface. Right: SSTs in the

tropical Pacific increase leading to more condensational heating aloft and a higher tropopause, which increases dry static stability and gross

moist stability, thus weakening the Walker circulation. At the same time, evaporative cooling and cloud shading are more sensitive to warming

in the western Pacific, which weakens the zonal SST gradient. B Left: As in the left panel of (A), except that the thermocline is shown. In the

eastern Pacific, the thermocline is closest to the surface. Right: Under GHG warming, a uniform surface heat flux into the Pacific Ocean causes

the SST to rise, but in the eastern tropical Pacific, the upwelling of cold water counters the forced warming. As a result, the zonal SST gradient

increases. C Left: As in the left panel of (A), except it highlights the abundance of water vapor in the lower troposphere, and the trapping of

infrared radiation (IR) by cirrus outflow from convective towers which otherwise escapes to space. Right: Under GHG warming, the lower

troposphere becomes more moist which decreases the GMS and thus strengthens the Walker circulation. In the margins of the convective

region, the horizontal moisture gradient increases, and advection from the surrounding drier region diminishes the area of convection. The

so-called “iris effect” can also lead to a similar response to increased warming: Precipitation efficiency in convective tower increases, leaving

less moisture for cirrus outflow. The resulting contraction of the cirrus cover in the periphery of the warm pool allows for more IR to escape,

potentially cooling SSTs and thus enhancing the zonal SST gradient between the warm pool and its surroundings. Credit: climate.gov.

stability of unsaturated air), which strengthens the adiabatic
vertical advective cooling for a given upward air velocity®. The dry
static stability increases with warming due to increasing atmo-
spheric humidity and the parameterization of moist convection,
which removes convective instability and thus keeps the lapse
rate close to the moist adiabatic rate. Due to the weak horizontal
temperature gradients in the tropical free troposphere, the
descending branches of the Walker and Hadley circulations also
see increased static stability, and this reduces the subsidence
needed to balance radiative cooling with adiabatic warming®.
Thus, the atmospheric energy balance in both the ascending and
descending regions is consistent with a reduced total overturning
circulation in the tropical atmosphere. The evaporative cooling
mechanism for a reduced zonal SST gradient and the static
stability mechanism for a weakened Walker circulation are shown
schematically in Fig. 5A. The atmospheric responses, however,
may change over time as ocean heating starts to affect the SST
pattern and the atmospheric circulation, as evidenced by the
simulated asymmetric precipitation changes to CO; “ramp up” and
“ramp down” experiments®®. To the extent that these processes
weaken the large-scale Walker circulation and surface easterly
trade winds, the equatorial upwelling and the zonal tilt of the
equatorial thermocline would also weaken, acting to further
weaken the zonal SST gradient.

However, arguments based on increases in dry static stability do
not provide a direct estimate of the change in strength of the
Walker circulation, because both the latent heating and adiabatic
vertical advective cooling terms in the atmospheric energy
balance depend on the vertical velocity®”. This may be taken into
account by analyzing the moist static energy budget, and by
considering the gross moist stability (GMS; a measure of the
efficiency of circulations in exporting or importing energy®8-7°)
instead of the dry static stability. In models, weakening of the
Walker circulation is then found to be caused by an increase in
GMS as the atmosphere warms, and this increase in GMS has been
in turn related to the increase in the vertical depth of the
circulation as the tropopause rises with warming®””"’2 (Fig. 5A).
However, the GMS is sensitive to how it is measured and defined,
and the physical controls on it are not well understood since it
depends on the vertical structure of the circulation, the thermal
stratification and the relative humidity, and this limits confidence
in theoretical predictions of a weakening Walker circulation with
warming.

One of the robust responses in climate models to the doubling
of CO, is the reduction in atmospheric convective mass fluxes'®.
Lower tropospheric water vapor increases with temperature
according to the Clausius-Clapeyron rate if the relative humidity
remains unchanged, while global mean precipitation (and tropo-
spheric latent heating) increases with temperature at a much
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slower rate (limited by how quickly the troposphere can cool itself,
via outgoing longwave radiation or shortwave reflection from
clouds)'. Meeting both constraints requires a reduced upward
mass flux of moist air out of the boundary layer. A similar
argument based on boundary-layer moisture balance and
energetic constraints on evaporation has been made for reduced
subsidence in regions of descent’3. These theoretical interpreta-
tions>1° were used to argue that the total tropical overturning
circulation, which includes the Walker circulation as a major
component, should weaken with warming''. However, it was
found that the Walker circulation strength is poorly correlated
with the global convective mass flux suggested by ref. '% model-
simulated Walker circulation responses appear to be determined
more by the response of the models’ tropical Pacific zonal SST
gradients, rather than their overall tropical warming”*. Further, it
has been argued that climate models would project even stronger
El Nifio-like responses were it not for model biases toward
insufficient negative cloud-radiative feedbacks and excessive
upper-oceanic meridional and zonal overturning in the equatorial
Pacific?%3,

Theories supporting a La Nifa-like/zonally asymmetric
convection response

The first theory in this category was proposed by ref. 7>, who
pointed out the importance of ocean dynamics which had not
been considered in prior studies of tropical temperature regula-
tion mechanisms’57%, In the Zebiak-Cane model”® of the tropical
Pacific coupled ocean/atmosphere system, the SST evolves to a La
Nifa-like pattern in response to a spatially uniform imposed
surface heat flux into the ocean’. Unlike in the western Pacific
where the thermocline is deep, the continual upwelling of
unperturbed cold water in the eastern equatorial Pacific counters
the imposed surface warming there, thus amplifying the zonal SST
gradient across the Pacific. This strengthens the Walker circulation,
which further shoals the thermocline in the east, increases
upwelling, and cools the cold tongue. This mechanism is
schematically shown in Fig. 5B. In addition to this zonally
asymmetric Bjerknes feedback, it was further argued that
strengthened trade winds off the equator (in response to the
increased SST contrasts) shoal the thermocline all along the
equator in the Pacific which, again, leads to cooling at depth and
in the cold tongue?’. Ocean data and reanalyses do indeed show a
trend towards thermocline shoaling consistent with this theory,
although the shoaling could also have been caused in part by
radiation-induced warming at the surface (caused by increased
greenhouse gases) proceeding faster than advective-diffusive
warming at depth.

In an idealized model of the Walker circulation designed to
explore the role of different feedbacks, the Walker circulation
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strengthens in response to a specified radiative flux divergence
that mimics an increase in greenhouse gas loading®. The
increased greenhouse gas loading causes stronger ascent in the
convection region because the warmer and moister air decreases
the GMS. In the margin of the convective region, advection from
the surrounding drier region diminishes the area of convec-
tion®%81, This idea is illustrated in Fig. 5C. The decrease in GMS
contrasts with the increase in GMS found in comprehensive
climate models, and the discrepancy likely arises because the
vertical structure of the circulation is not allowed to change with
warming in the idealized model. Nonetheless, the results establish
that the Walker circulation is sensitive to how GMS responds to
warming (see “Toward more reliable projections of tropical Pacific
SST change” for further discussion).

A different mechanism was proposed based on observations,
but with the same result as in ref. 2; the area of cirrus outflow
from the deep convection region contracts as surface temperature
increases®2. This observations-based finding was interpreted as a
consequence of a positive relationship between surface tempera-
ture and precipitation efficiency®?. Because cirrus clouds trap
outgoing longwave radiation more effectively than they reflect
incoming shortwave radiation®, the shrinking of the cirrus area
means more net radiative cooling, the so-called “iris effect”. If in a
warmer world the cirrus area contracts to the warmest water, this
would also dry and cool the margin of the convective region,
hence increasing the zonal SST gradient (Fig. 5C). However, cirrus
clouds also reduce surface downward shortwave irradiance, so this
shortwave radiative forcing would warm those same cooler

Pre-Industrial Climate

150°E 150°W

180°E

Warm advection to the Arctic by planetary-scale
waves originating from localized tropical heating.

waters. Since the tropospheric temperatures are coupled to the
surface (by radiative fluxes, and by convective fluxes in regions of
convection), how these longwave and shortwave radiative
forcings play out in the fully coupled system remains uncertain.
Therefore, their effects on SST gradients are not immediately clear.
Further, whether the iris effect occurs in nature has been
questioned in some studies®2% while other studies are suppor-
tive of its relevance®®°. Nevertheless, when an iris effect was
imposed in an ad-hoc manner in a climate model, a more La NiAa-
like SST and precipitation response was simulated®. (Supplemen-
tary Figs. 6 and 16 in ref. °° show that an increase in the iris effect
results in more La Nifa-like SST and precipitation changes).
There is also a theory supporting a La Nifa-like response based
on backward reasoning from a global constraint. Paleoclimate
proxy data indicate that during past epochs when the global
climate was warm, the Arctic was much warmer while tropical
temperatures were comparable to current values. A number of
different theories have been proposed to account for the wide
range of equator-to-pole temperature gradients that have existed
throughout Earth’s history. One of these theories is based on
atmospheric dynamics®'. Maintaining Arctic warmth against
increased longwave cooling to space would require more heat
influx from lower latitudes. In the atmosphere, midlatitude
synoptic-scale waves cannot provide this additional heat trans-
port, because they weaken as the pole-to-equator temperature
gradient weakens. Instead, planetary-scale Rossby waves can
provide the required heat transport because their strength is
independent of the meridional temperature gradient. Under

A warmer climate with a reduced
equator-to-pole temperature gradient

150°W

180°E

To maintain a warmer Arctic, more heat needs to
be transported to the Arctic. This enhanced heat
transport can be carried out by planetary-scale
waves excited by stronger, more zonally
localized convective heating.

Fig. 6 Mechanism favoring a La Niiia-like condition from a general circulation perspective. Left: On average, the strongest convection/
rainfall occurs over Indonesia/Maritime Continent. The divergent circulation, resulting from the convection, advects absolute vorticity
poleward. This leads to the generation of planetary-scale Rossby waves in the subtropics?®® that can propagate poleward and then upward
once they reach mid- and high-latitudes. As these waves propagate upward, they transport heat poleward, which warms the Arctic. Right:
Paleo-climate data suggests that when the global climate was warmer than today’s climate, the Arctic was considerably warmer while the
tropics were about the same temperature as today’s climate. The higher Arctic temperature implies that longwave cooling to space must have
been greater as well. To maintain the warmth against the increased longwave cooling, more heat needs to be transported from lower
latitudes. Amongst the various atmospheric processes, the most probable candidate that can generate a stronger poleward heat transport in
the face of a weakened meridional temperature gradient is a more enhanced tropical heating/convection around the Maritime continent,
which is suggestive of a more La Nifa-like pattern in convective heating and SST.Credit: climate.gov.
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typical winter conditions, planetary-scale waves can propagate
vertically throughout the troposphere and into the stratosphere®?,
transporting heat poleward and warming the Arctic. These
planetary-scale waves can be excited by topography or by zonally
varying latent heating, with the latter a more likely candidate since
topography did not change systematically with respect to the
meridional temperature gradient over past warm periods.
Enhanced zonal asymmetries in tropical heating associated with
a stronger zonal SST gradient in the Pacific are thus a probable
candidate for maintaining the weak meridional temperature
gradient during warm periods®'. This idea is schematically shown
in Fig. 6. This mechanism seems to have operated in the ongoing
climate change of the past several decades®® and also in
intraseasonal time scale variability®*®°. In addition, climate model
simulations for the warm Cretaceous period show that a
localization of tropical convective heating, with no change in
tropical mean convective heating, can warm the Arctic by as much
as 16 °C°°. However, studies based on paleo proxy records do not
definitely speak to one response or the other to global-mean
warming, with some suggesting El Nifo-like states®’~'° and
others La Nifa-like states'0'=1%%,

The theories mentioned in this section may not form a
complete list. Additional processes deserving future investigation,
that could potentially argue for either weakening or strengthening
of the zonal SST gradient, include stratus cloud radiative
feedbacks and land-sea interactions.

CONSEQUENCES OF EQUATORIAL PACIFIC SST TRENDS

Long-term impacts of changes in tropical Pacific time-mean
SST

Future warming of the tropics-wide SST is projected to profoundly
affect the climate of the global atmosphere and oceans. Warmer
tropical SSTs will increase the specific humidity of the tropical
atmospheric boundary layer, thereby increasing the moisture
convergence for a given level of surface wind convergence,
intensifying rainfall in convective zones (a “wet get wetter”
pattern), and increasing the latent heating of the tropical
troposphere. This leading-order response, however, may be
substantially modified by changes in SST gradients—with zones
of greater warming seeing increased rainfall, and zones of lesser
warming seeing reduced rainfall, i.e. a “warmer get wetter” pattern
of change over the tropical oceans®'. This “warmer get wetter”
pattern occurs as the troposphere becomes more unstable to
convection in regions where there is an increase in relative SST
(RSST, namely the local SST minus the tropical-mean SST). In
addition to the effect of RSST on stability and convection, changes
in horizontal SST gradients influence air temperature in the
boundary layer and thus can drive changes in surface pressure
gradients that affect the low-level circulation'®®1%”, The resulting
changes in surface convergence are roughly proportional to the
Laplacian of the SST warming pattern and strongly affect rainfall in
what has been termed a “Laplacian of warming” mechanism'°8,
Thus, both the local and remote patterns of future SST change,
and changes in tropical Pacific zonal and meridional SST gradients
in particular, remain critical for determining the atmospheric
response. For example, most CMIP models project future warming
of the equatorial cold tongue relative to the rest of the tropics,
shifting the Pacific Intertropical Convergence Zone (ITCZ) equator-
ward, resulting in more precipitation at the equator and less north
of the equator'®. Although not the focus of this review, inter-
basin differences in the SST response are also an important factor
when considering the stability of the tropical Pacific tropo-
sphere'>119111 For example, a model that warms the tropical
Pacific more than the tropical Indian and Atlantic, as opposed to
vice versa, would be expected to see a greater increase in tropical
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Pacific rainfall, even with identical changes in SST gradients within
the tropical Pacific.

Future SST changes within the tropical Pacific could well differ
from historically observed ENSO events. The details of the tropical
Pacific SST changes matter, as demonstrated by the observed
inter-event diversity of ENSO’s SST anomaly patterns and
impacts''?; for example, the 2015-16 El Nifio produced a very
different SST pattern and impacts than previous observed
events''37115, Atmospheric deep convection tends to follow the
warmest relative SST, and so future convectively driven tele-
connections will depend on precisely how future warming alters
the background time-mean pattern of SST?'. The central Pacific is
close to the SST threshold for convection; a slight change in the
warming of that region could have an outsized impact on the
locations of deep convection''®, and thus on the atmospheric
circulation and global hydroclimate''”''8  Departures from
historical norms would also impact seasonal predictions of ENSO
and associated teleconnections, which are partially informed by
statistical models trained on past observations''.

Even were the future change in climatological SST to resemble
an ENSO pattern, its impacts could still differ from the impacts
conventionally associated with seasonal-to-interannual ENSO
variability. ENSO events tend to be synchronized to the seasonal
cycle'121 and their impacts are mediated by seasonally-
dependent teleconnection mechanisms and local conditions —
e.g. the upper- and lower-level jets and storm tracks, seasonal
temperatures and precipitation, monsoons, and the local growing
season''>1227126 A climatological change in the tropical Pacific
that is sustained throughout the calendar year may thus have
additional impacts beyond society’s experience with seasonally
synchronized ENSO events. In addition, historical ENSO events
have typically lasted no more than one or two years, allowing
impacted systems to recover before the next event. An ENSO-like
SST pattern that is sustained for decades or longer could expose
ecosystems and societies to unprecedented stresses, requiring
new modes of adaptation.

Potential impacts of future tropical Pacific SST changes on
weather and climate risks can be gleaned from past ENSO events,
which have altered global patterns of tropical cyclone forma-
tion'27:128 seasonal temperatures, rainfall, and severe weather and
hydroclimate events'?%72, On longer time scales, the 1998-2015
La Nifa-like time-mean SST pattern in the central and eastern
equatorial Pacific has been linked to a strengthening of the Walker
circulation, greater global ocean heat uptake, and prolonged
drought over the southern U.S.'*%'3! and in East Africa’%33,
These changes cause worldwide disruptions to agriculture,
ecosystems, and human health'?#13%135 The trade winds also
control the slope of sea level between the western and eastern
tropical Pacific, influencing coastal ecosystems, ocean biogeo-
chemistry, and infrastructure'>¢'3”, Changes in tropical Pacific SST
thus have severe consequences for the world’'s ecosystems and
economies. The global economic impacts of the 1997-98 El Nifo,
for example, were estimated at $32-96 billion'3®, with more than
20,000 deaths worldwide'3°. Reliable projections of future tropical
Pacific SST change are thus critical to aid society in planning for
adaptation.

ENSO variability also influences air-sea fluxes of CO, into the
tropical Pacific Ocean, and the land-atmosphere fluxes of CO,
worldwide%'#, Hence an ENSO-like pattern of tropical Pacific
SST change would likely initiate climate-carbon feedbacks.
However, given the involvement of changes in winds, SST,
upwelling, and thermocline structure and depth, and the
involvement of biogeochemical processes as well, it is not obvious
what the implications of model biases might be for these
feedbacks.
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Impacts of changing tropical Pacific SST on climate variability
and associated risks

Future changes in tropical Pacific SST will have impacts beyond
the time-mean climate, affecting modes of tropical Pacific
variability. ENSO is influenced by the background pattern of
tropical Pacific SST, with historical simulations and future
projections demonstrating the impacts of the climatological SST
on ENSO’s amplitude, period, seasonal timing, duration, asymme-
try, zonal propagation, and rainfall extremes'31427148 A future “El
Nifo-like” reduction in the time-mean warm pool/cold tongue SST
contrast would aid eastward and equatorward shifts of deep
convection during El Nifo, increasing the coupling of the Pacific
convection and trade winds to ENSO SST anomalies, and
amplifying ENSO rainfall anomalies and air-sea feedbacks®'4>74°,
A future “La Nifa-like"” time-mean response, with the thermocline
shoaling in the east Pacific, could also increase ENSO amplitude,
but through a different mechanism —namely a stronger back-
ground vertical temperature gradient in the cold tongue, which
would amplify seasonal-scale SST anomalies induced by anom-

alous upwelling’%; although this effect could be offset by other

processes'".

Competing changes in ENSO feedbacks and forcings, and their
complex sensitivities to background SST changes and model
biases, are the main sources of uncertainty in climate model
projections of future ENSO behavior?8-30.143152-155 |n particular,
ENSO’s cloud feedbacks are underestimated in most models, due
to the models’ overly cold SST in the eastern equatorial
Pacific’*®'>” which reduces confidence in future projections of
ENSO’s SST patterns and rainfall extremes'*>. This underscores the
importance of ongoing efforts by modelers to diagnose, reduce,
and mitigate model biases'**15815% in order to support more
accurate projections of future tropical Pacific SST changes and
their impacts on ENSO.

These tropical errors also have consequences for global
estimates of climate sensitivity, the so-called “pattern effect,”
which identifies SST anomalies in the Indo-Pacific as especially key
for understanding radiative feedbacks'6%'%', Larger positive cloud
feedbacks are associated with a decrease in the zonal gradient of
SST across the tropical Pacific Ocean, owing in large part to the
reduction of inversion strength and low cloud cover in regions
dominated by subsidence'6%'%3, Additionally, if surface warming is
enhanced in regions that lack deep atmospheric convection, such
as the eastern equatorial Pacific, then the lapse rate feedback
would be reduced, further increasing the climate sensitivity for a
tropical Pacific SST trend pattern that reduces the zonal SST
gradient'®*, However, a pattern of tropical Pacific warming that
enhances the zonal SST gradient, as in the historical record,
produces stronger negative radiative feedbacks and a smaller
equilibrium climate sensitivity than in models forced with an
increase in anthropogenic emissions and that reduce the Pacific
zonal SST gradient'®''%>, Thus, constraining the pattern of tropical
Pacific SST change, and associated cloud and lapse rate feedbacks,
is key to determining the rate of global mean warming in the
future.

Future changes in the background tropical Pacific SST pattern,
by modifying air-sea feedbacks, variability, and convective forcing
of the atmosphere, could in turn alter ENSO’s remote teleconnec-
tions and impacts. As described earlier, much of the uncertainty
regarding ENSO'’s future behavior stems from the wide range of
projected future tropical Pacific climatological SST patterns;
models that project greater warming in the central equatorial
Pacific also exhibit greater future extremes of rainfall and
convective heating in that region''>>. These changes in tropical
Pacific forcing patterns may also amplify, weaken, or displace
longstanding historical teleconnections, in addition to the shifts in
teleconnection pathways arising from climate changes outside of
the tropical Pacific'?%1%6-1%8 The sensitivity of remote extremes
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and impacts to differences in the tropical Pacific SST projections
can be strongly region-dependent and nonlinear'¢6:16%170,

Biases in the models’ background climatological SSTs have also
been implicated in problems simulating decadal-scale inter-basin
interactions and their role in future climate change*'”"'72, In that
vein, SST projection biases might alter the role of future inter-
basin interactions in model-projected climate risks. For example,
the intensity of the intraseasonal Madden-Julian Oscillation (MJO),
which modulates extreme weather events around the globe, is
strongly related to both the background SST gradients and the
tropospheric static stability set by the tropical-mean SST. Model
studies have shown a strong sensitivity of the MJO to the tropical
SST trend pattern, with regions of greater future SST warming
showing greater increases in MJO precipitation variability'”3174,
Whether the equatorial Pacific cold tongue SST warms relative to
the rest of the tropics will also likely have impacts on tropical
cyclone formation and development, akin to those observed
during ENSO events'”>. The weakened cold tongue pattern seen
in CMIP projections, if erroneous, could result in a misleading
projected trend towards fewer Atlantic tropical cyclones.

Projections of future tropical Pacific SSTs also hold implications
for ocean observing'’®'”7, Regions that are expected to change
more rapidly may be prime candidates for sustained and
enhanced observing, since these regions may be among the first
to display changes that are robustly detectable against the
background of natural climate variability, and that can be
attributed to anthropogenic forcing. Existing observations already
indicate that recent warming of the western equatorial Pacific SST
has emerged as a clearly detectable forced change, in terms of
both the mean climate and the interannual extremes''*'7%,
Reliable projections of tropical Pacific changes are needed to
inform the redesign of the Tropical Pacific Observing System
(TPOS), which is now underway to enhance measurements and
understanding of this critical region'”’.

There is recent evidence that, in initialized seasonal climate
prediction models, El Nifio false alarms have increased in the last
half of the 1982-2020 record'”®, and this may be tied to errors in
simulated linear SST trends across the equatorial Pacific
Ocean®5'8, As described earlier, many state-of-the-art seasonal
climate prediction models have stronger positive trends in the
central and eastern tropical Pacific than found in the observations.
The emergence of SST trend errors in monthly and seasonal
predictions further motivate understanding and constraining
future projections of tropical Pacific climate — because identifying
sources of uncertainty could yield immediate, near-term benefits
for subseasonal-to-seasonal climate forecasts.

TOWARD MORE RELIABLE PROJECTIONS OF TROPICAL PACIFIC
SST CHANGE

What aspects of models need to be improved?

Theory suggests that the response of the Walker circulation to
climate warming is sensitive to changes in tropospheric thermal
stratification in the tropics. It is clear from observations that the
upper troposphere has been warming faster than the surface,
consistent with climate-model projections'®’. In recent decades
models appear to have simulated more upper-tropospheric
warming than observed’”'®2 which could overly weaken their
Walker circulations'®® and warm the eastern tropical Pacific SSTs.
Excessive warming of eastern tropical Pacific SSTs, in turn, could
have further contributed to the upper tropospheric warming’,
exacerbating the warming biases and the weakening of the
Walker circulation. This model-observations discrepancy has been
explained in terms of the recent phasing of Pacific decadal
variability that has prevented warming in the central to eastern
tropical Pacific'®. Furthermore, it has been argued that the most
relevant measure of stratification for Walker circulation strength is
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the GMS rather than the dry static stability®””"72 Changes in GMS
are sensitive to changes in relative humidity and the vertical
structure of the circulation, in addition to the vertical structure of
warming, and contribute to much of the intermodel scatter in
Walker circulation response in CMIP6 models from an energy
budget perspective'®®. Improving simulations of changes in
tropical stratification and humidity will depend on better under-
standing and representing convection in parameterizations'®,
global cloud-resolving simulations'®’, or data-driven convective
parameterizations learned from high-resolution simulations'88-1%,

On the ocean side, surface heat flux feedbacks® can be invoked
to help explain why CMIP models tend to have enhanced warming
in the cold tongue. Due to the chronic excessive cold tongue and
double ITCZ biases which have persisted in each generation of
models, the eastern equatorial Pacific has higher surface relative
humidity and lower wind speeds and RSST than observed?’. Both
of these biases weaken the inhibition of SST changes by
evaporative cooling and cloud shading, thereby enhancing the
cold tongue SST sensitivity to radiative forcing — i.e. more
warming of SSTs is required for the increased latent heat flux and
cloud shading to balance the increased downward longwave
radiation arising from a strengthened greenhouse effect. In
addition, misrepresentations of SSTs in the extratropics, such as
Southern Ocean SST, can also influence the zonal gradient of the
tropical Pacific SST''. A simple atmosphere-ocean model with a
prescribed climatology responded to the historical increase in
greenhouse gases with an enhanced zonal SST gradient when the
observed climatology was imposed, but a reduced gradient when
the CMIP5 multi-model mean climatology was imposed®’. Climate
models with higher oceanic resolution appear to simulate more
accurate equatorial Pacific SST and ENSO patterns, but the
increasing atmospheric resolution still results in persistent errors
in radiative flux feedbacks'®2. This emphasizes the need for the
climate community to invest in reducing the tropical SST and
circulation biases endemic to multiple generations of CMIP class
models.

There are likely other aspects of climate models that could be as
important for improving the accuracy of future projections of
tropical Pacific SST. One approach to identify these potentially
important deficiencies could be to link the reliability of seasonal
forecasts to the slower multidecadal-to-centennial forced climate
response'?3, Errors that emerge in a 2-day forecasts are often
similar to the time-mean systematic errors simulated by the
models'®*'%, indicating that some model errors are established
very quickly. Initialized model hindcasts, coupled with real-time
forecasts, could offer more rapid assessments of potential
errors3®189 and provide additional physical insights if the same
models are also used for long-term projections. Because causality
can be more readily diagnosed by examining time evolution,
identifying long-term model errors that emerge on subseasonal-
to-seasonal time scales'®'%® provides excellent opportunities for
process studies to improve the accuracy of model projections.

How should users weigh model projections and observations
in their decision-making?

Climate models have been extensively used for climate risk
mitigation planning. In contrast, observational trends that deviate
from model consensus projections have been widely regarded as
being caused by internal variability, and hence have not been
considered for climate risk assessments. However, given the
possibility that observed tropical Pacific SST trends that deviate
from the model consensus projection might include a forced
response, observed SST trends should also be considered when
assessing climate risks. Faced with this emerging evidence, not
taking observed trajectories into consideration increases the
possibility of making a type 2 error, i.e. a missed warning'®’.
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In the face of low confidence in future projections of tropical
Pacific climate, a storyline approach'”'%® could provide a
pathway for describing risks to users. Storylines are built from
conditional statements, such as: “If a certain regional climate
change were to occur, what would be the consequences of that
event?” Applied to the current debate, planners can outline
different possibilities guided by both model projections and
observational trajectories. For example, “If the La Nifa-like trend
continues, then water resources in the southern tier of the U.S.
may need to be reinforced to prepare for increased drought.” Or
“If El Nifio-like trends were to emerge as the models predict, then
the Pacific Northwest may need to take steps to get ready for a
drier future”.

SUMMARY AND FUTURE OUTLOOK

We have reviewed the evidence that there are significant
divergences between observations and model simulations of
historical changes in the zonal contrasts of tropical Pacific climate.
Theories exist that support the model projections and argue that
the zonal SST gradient should weaken while other theories are
consistent with the observed trajectories and argue that the zonal
SST gradient should strengthen.

All of these theories have limitations and are incomplete.
Further, the tropical Pacific is a region of strong natural variability,
which might be obscuring the forced response in nature. Given
the weaknesses of models in the tropical Pacific, it is important to
pay serious attention to the observational record. The challenge
ahead is to determine whether the observed record of a
strengthening zonal SST gradient is indeed a forced response, or
a product of natural variability on decadal and longer timescales,
or perhaps even misleading due to data and sampling problems.
Next, if it can be deduced that the observed strengthening is
indeed forced, then why is it not simulated by climate models?
Alternatively, if it can be concluded that the observed record is
dominated by natural variability, can models reproduce this
variability, and when will a forced signal emerge? Answering these
questions requires a fundamental analysis of mechanisms of
variability and change in observations and models, considering all
the relevant physical processes. This work must be open to the
idea that climate models, as currently formulated, may be
deficient in their representations of past and future changes in
tropical Pacific climate. Until this issue is resolved, many aspects of
future projections that are strongly influenced by the tropical
Pacific - including future regional climate, teleconnected climate
risks, and the oceanic uptake of CO2 - will be highly uncertain.
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