Eastern equatorial Pacific warming delayed by aerosols and

thermostat response to CO; increase

Ulla K. Heede'* and Alexey V. Fedorov'?

'Department of Earth and Planetary Science, Yale University, New Haven, CT

2 LOCEAN/IPSL, Sorbonne University, Paris

* Corresponding author: 210 Whitney Avenue, 06511 New Haven CT, ulla.heede@yale.edu



mailto:ulla.heede@yale.edu

10

11

12

13

Abstract

Understanding the tropical Pacific response to global warming remains challenging. Here, we use
a range of CMIP6 greenhouse warming experiments to assess the recent and future evolution of
the equatorial Pacific east-west temperature gradient and corresponding Walker circulation. In
abrupt COz-increase scenarios many models generate an initial strengthening of this gradient
resembling an ocean thermostat (OT), followed by a small weakening; other models generate an
immediate weakening that becomes progressively stronger establishing a pronounced eastern
equatorial Pacific (EP) warming pattern. The initial response in these experiments is a strong
predictor for the future EP pattern simulated in both abrupt and realistic warming scenarios, but
not in historical simulations showing no multi-model trend. The likely explanation is that the
recent CO,-driven changes in the tropical Pacific are masked by aerosol effects and a potential
OT-related delay, while the EP warming pattern will emerge as greenhouse gases overcome

aerosol forcing.
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Main

The emerging warming patterns in the tropical Pacific are key to understanding the climate
response to increasing greenhouse gases ™. This is true on interannual timescales, as changes in
the El Nifio/Southern Oscillation (ENSO) are linked to changes in the tropical Pacific mean state
>~7 and on decadal and longer timescales, as Pacific trade wind slow variations and ENSO decadal
modulation can explain temporary global warming trend slowdowns 38711 with links to climate
sensitivity 1213, At these different timescales, the tropical Pacific warming affects atmospheric
tropical circulation, rainfall*4, and mid-latitude teleconnections®>1¢. Therefore, it is imperative to
understand and predict changes in the tropical Pacific (or more generally the Indo-Pacific), yet
progress is hindered by discrepancies between models and observations?’, diverging theories?,

and uncertainty in projections?,

Recent studies demonstrate that Pacific surface winds, and sea surface temperature (SST) and
sea level pressure (SLP) gradients along the equator, have increased over the past three to four
decades comprising the satellite era #1°-21, Additionally, the Indian Ocean has been warming
at a faster rate than the Pacific since the 1950s 2223, Whether these trends are driven by

anthropogenic climate change remains under debate.

Clement et al.?* proposed a mechanism by which the Pacific SST gradient may increase in
response to atmospheric warming, as the surface water in the western Pacific warms faster
than the upwelling-cooled water in the east. This effect, the ‘ocean thermostat’ (OT), has been

confirmed as a transient response to radiative forcing in box models %> and ocean general
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circulation models (GCMs) 2627, In GCMs, the OT typically involves a central rather than far-
eastern equatorial Pacific cooling (or suppressed warming), impacting the Indo-Pacific
temperature contrast, and the effect reverses after decades to a century ?’. The importance of
inter-basin warming contrasts in driving this Pacific cooling!! is also documented in experiments
imposing SST changes in the Indian and Atlantic oceans %232829, |n addition, the wind-
evaporation-SST (WES) feedback initiated off the equator in the Pacific trade wind belts may

further contribute to the OT effect and lack of central and eastern equatorial Pacific warming?’.

While observations show a strengthening Pacific east-west SST gradient in recent decades, the
majority of CMIP5 GCMs predict a weakening in future forcing scenarios 1718, associated with
an equatorial eastern Pacific (EP) warming pattern and weakening Walker circulation. Several
mechanisms have been proposed to explain this SST gradient weakening, including enhanced
evaporative damping over the warm pool 3, the slowdown of convective overturning driven by
a slower precipitation rate increase (controlled by radiation) relative to low-troposphere water
vapor increase (controlled by the Clausius-Clapeyron relation) 3233, low cloud feedbacks3* and
the warming of extra-tropical regions and/or a slowdown of oceanic subtropical cells (STCs)
that provide source water for equatorial upwelling 273>, However, the robustness of the
projected zonal gradient weakening has been questioned because CMIP5 models fail to capture
observed tropical Pacific trends 73® and exhibit a large spread in future projections 8,
Furthermore, the models show SST and wind biases along the equator 3738 and deficiencies in

simulated ENSO 3949,
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We address these outstanding challenges using CMIP6 models with new forcing scenarios,
enabling a better assessment of historical and future trends and offering new insights into
inter-model discrepancies in the tropical warming patterns with implications for future

changes.

Evolution of the tropical Pacific response to global warming

We investigate the tropical Pacific and Indian Ocean warming patterns across CMIP6
experiments forced by different concentrations of greenhouse gases (GHGs) and aerosols. To
capture observed and simulated trends 23?741, we define the equatorial Pacific east-west SST
gradient as the surface temperature over the Indo-Pacific warm pool region minus that over the
central-east Pacific (Methods). Changes in this gradient are coupled across models to Pacific
Walker circulation changes (Extended Data Fig. 1), so strengthening or weakening of the

temperature gradient implies similar strengthening or weakening of the Walker circulation.

All but one model show a long-term zonal SST gradient weakening in projections and abrupt
COs-increase experiments (Fig. 1b-e, Fig. 2, Extended Data Fig. 2). However, in historical
experiments with full radiative forcing, models show no significant trend on average (Fig. 1a)
yet exhibit pronounced inter-model spread (Fig. 1a and Fig. 2b). Therefore, the projected long-
term trends in the tropical Pacific appear disconnected from historical simulation changes. In
addition to natural variability, this delayed SST gradient response could be caused by two
factors. The first is the competition between the OT effect and the opposing atmospheric and

oceanic mechanisms weakening the Pacific zonal temperature gradient in response to CO;-
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forcing. The second is aerosol emissions, which can influence tropical Pacific warming
patterns*>43 and delay the expected east-west temperature gradient weakening. We explore
these separately, first examining hypothetical CO;-only scenarios, then analyzing realistic full-
forcing historical and future Shared Socioeconomic Pathway (SSP) scenarios with GHG and
aerosol forcing, and finally analyzing a subset of experiments that isolate aerosol and GHG

effects.

OT and EP warming pattern in CO,-forced experiments

The abrupt 4xCOz-increase experiments show small transient strengthening of the equatorial
Pacific temperature gradient lasting about 10 years, up to 30 years in some models (Fig. 1d).
The gradual 1pct CO; experiments show no model-mean change for the first 50 years (Fig. 1e),
even though some models have a transient strengthening lasting ~100 years. In both scenarios,
the initial response is followed by zonal temperature gradient weakening. Thus, depending on
how abruptly the system is perturbed by CO;, and the model in question, the long-term

gradient weakening can be delayed by transient strengthening or a flat initial trend.

To understand these initial (transient) changes and model spread, we separate models into two
categories based on their initial response during the first 25 years in the abrupt CO,-forcing
experiments. The OT category contains 7 models showing a strong initial increase of the
temperature gradient (above 0.25 K), and the EP category contains 10 models exhibiting
immediate weakening of the gradient (below -0.25 K), see Supplementary Table 1 and Fig. 2a.

The rest of the models fall between these end members.
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The initial response of the OT category exhibits negative temperature anomalies (cooling or
suppressed warming) in the central equatorial Pacific that extend to the subtropical south-
eastern Pacific (Fig. 3a) and an anomalous pressure gradient between the Indian and Pacific
Oceans (Fig. 4a). The lack of eastern/central Pacific warming can be explained by upwelling of
cold water that balances the CO,-induced radiative forcing, while the western equatorial Pacific
and the Indian ocean, along with the Maritime continent, warm faster. This establishes an
anomalous Indo-Pacific pressure gradient, strengthening the easterly winds and causing a
transient cooling 2527 in the central and parts of the eastern equatorial Pacific (Fig. 3a). The WES
feedback 27*44> further strengthens the trade winds south of the equator (Fig. 4a), contributing

to the lack of warming here3046,

The initial surface warming patterns are different in the EP category, which shows a broad
warming from the eastern to central Pacific (Fig. 3c) with associated low-pressure anomalies
(Fig. 4c). Such changes are related to weakening of the Walker cell caused by atmospheric
mechanisms discussed earlier, amplified by low-cloud feedbacks 323447 that reduce the eastern
Pacific low cloud cover, warming the ocean surface and further weakening the Walker
circulation (Fig. 4c). A similar warming pattern also emerges in slab-ocean simulations without

active ocean dynamics 2732,

The two model categories eventually converge to a warming pattern showing enhanced eastern

equatorial warming 3%48, with sharp meridional contrast especially in the southern hemisphere
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(Fig. 3b and 3d). The transition from cooling to warming (in OT models) or continuous warming
(in EP models) in the eastern and central equatorial Pacific can be explained by the gradual
warming of the upper ocean, which reduces the OT effect. This allows other competing
mechanisms, like decreased convective mass flux over the warm pool 2, stronger evaporative
damping in the west3!, and on longer timescales enhanced extra-tropical warming/ STC
slowdown 274, to become dominant, leading to a Walker circulation slowdown. In the EP
category, these mechanisms, amplified by cloud feedbacks, allow for a greater Walker

circulation slowdown and broader equatorial warming compared to the OT models.

The structure, magnitude and time of emergence of the Pacific warming pattern in the idealized
CO,-forcing experiments are therefore set by competing OT and EP warming effects 278, The
balance appears to be controlled by differences between model mean states — on average, the
OT models are colder, including the warm pool but excluding the Southeast Pacific, but have
weaker easterly winds in the equatorial band (Extended Data Fig. 3). A colder warm pool may
reduce evaporative damping and Walker circulation slowdown, decreasing the EP response,
while weaker mean winds maintain a shallower thermocline in the central equatorial Pacific,
likely facilitating the OT effect. Compared to the OT category, the EP category has a smaller
tropical SST bias relative to observations but higher SLP and equatorial zonal wind stress biases

(Extended Data Figs. 4 and 5).

While most models exhibit transient temperature gradient strengthening in the first decades of

the abrupt COz-increase experiments (Fig. 1a), only several show a strong change, exceeding
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+0.25 K and lasting up to 25 years (Figs. 2a and 5a). These models have a particularly weak long-
term response. By contrast, models that do not display a transient OT effect have stronger long-
term EP warming. Overall, initial and long-term changes in the temperature gradient in the
abrupt 4xCO, experiments are highly correlated (Fig. 5a). Furthermore, long-term changes in
the gradual 1pct-CO; simulations are also highly correlated with the initial changes in the
abrupt experiments (Fig. 5b). In the 1pct-CO; experiments, the OT models also show the

longest delay (up to 80 years) before the zonal temperature gradient starts weakening.

Thus, despite some inter-model spread, the initial response in the abrupt CO; forcing
experiments is a good predictor for the strength of the long-term EP warming across idealized
CO; scenarios, the GHG-only forced historical simulations and the long-term trends in SSP

experiments.

Historical versus future projections

Similar to the 1pct COz-only experiments, realistically forced SSPs show high correlation
between the long-term response of the zonal temperature gradient and the initial response in
4xCO; abrupt experiments (Fig. 5e,f). This is true for SSP5-8.5, in which aerosol emissions
decline rapidly, and SSP3-7.0, which maintains aerosol emissions close to 2000-2010 levels “.
Consequently, in the long-term tropical Pacific response, CO; and other GHGs dominate
aerosols, and again the initial response in abrupt 4xCO; experiments is a good predictor for

long-term changes.
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In contrast, we find almost no correlation between the initial response in abrupt-forcing
experiments and historical simulations (Fig. 5d). In principle, this could result from relatively
small historical GHG changes, compared to 4xCO; or 1pct CO,, and hence the dominant role of
natural variability °1. However, historical experiments with at least 5 models (CESM2-FV2,
HadGEM3-GC31-LL, NESM3, MPI-ESM-1-2-HAM, TaiESM1) simulate significant mean zonal SST
gradient strengthening in recent decades (Fig. 2b), which contradicts the initial response in
abrupt CO; experiment in those same models (Fig. 2). Furthermore, for 14 models with GHG-
only historical runs available, the correlation between the simulated historical trends and the
initial response in the 4xCO; experiments is strong (0.72 versus 0.25 for the full historical
forcing, Fig. 5c¢). That is, without aerosols, these models would have predicted trends for the
past 60 years — from flat to a substantial gradient weakening — consistent with their initial
response in the 4xCO; experiments. This suggests aerosol effects can temporarily strengthen
the SST gradient or delay its weakening, which, together with natural variability, may diminish

the correlation between historical simulations and abrupt CO,-only experiments.

Opposing effects of aerosol and GHG

We investigate the role of aerosols using a subset of 12 models for which historical GHG-only
and aerosol-only experiments are available. For these models, we compare mean surface
temperature and pressure pattern changes between the full-forcing historical simulations and
these hypothetical partial-forcing experiments, focusing on changes since the 1950s for which

reliable radiative forcing and ocean temperature measurements are available.

10
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The GHG-only historical simulations generate a model-mean ocean warming similar to the EP
warming in abrupt 4xCO; experiments, with equatorial warming in the eastern and central
Pacific and anomalous wind convergence towards a negative SLP anomaly off the South
American west coast (Fig. 6b). The full-forcing historical simulations show enhanced warming
over land, stronger at mid-to-high latitudes and weaker over South Asia (Fig. 6a). However, the
patterns of change over the ocean are more muted (Fig. 6a). Likewise, while the SLP and wind
anomalies show pronounced changes in the extra-tropical Pacific and Indian Oceans (the latter
effect is likely related to aerosol emissions over Asia), the anomalies are small in the equatorial

Pacific.

In contrast, the aerosol-only historical simulations show a model-mean equatorial cooling signal
(Fig. 6¢, Extended Data Fig. 6¢) similar to the EP pattern but with opposite sign. Unlike the OT-
type response, this cooling is not accompanied by low pressure anomalies over the Indian
ocean. Instead, low pressure anomalies over the southern Pacific and western Atlantic and
weak positive anomalies develop along the equator cause anomalous equatorial divergence of

winds, especially in the southern hemisphere.

In the full historical simulations, the aerosol and GHG forcings produce opposite model-mean
trends in the tropical Pacific and largely cancel, generating a muted warming pattern.
Nevertheless, individual models display large differences in the tropics. These include
differences in the overall temperature sensitivity to aerosol and GHG forcings, the extent to

which aerosols induce patterned versus uniform cooling, and whether the responses to

11
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aerosols and GHG forcing are linearly additive or involve nonlinear interactions. We analyze
three illustrative models — HadGEM3-GC31-LL, MIROC6 and CNRM-CM6 — in more depth
(Extended Data Fig. 7). HAdGEM3-GC31-LL exhibits a stark contrast between the full-forcing
historical experiment, showing central equatorial Pacific cooling, and the GHG-only historical
experiment showing EP warming (Extended Data Fig. 8). This contrast is probably driven by
nonlinear interactions between the aerosol and GHG-driven effects, since a linear superposition

of the two simulations does not produce equatorial cooling.

Several other models, notably CESM2-FV2, TaiESM1 and UKESM1, generate a strong SST
gradient strengthening in the historical simulations, but do not show an OT-type response in
the abrupt COzscenario (Fig. 2). Similar to HadGEM3-GC31-LL, these trends might be driven by

aerosol forcing and nonlinear aerosol-GHG interactions, rather than the OT mechanism.

Two other models, MIROC6 and CNRM-CM®6, show similar warming patterns between the
historical full-forcing and GHG-only simulations, and are less sensitive to aerosol forcing than
HadGEM3-GC31-LL (Extended Data Fig. 8). Yet, CNRM-CM6 develops a modest equatorial
cooling in both the GHG-only and full-forcing scenarios (Extended Data Fig. 9), while MIROC6
has a slight EP warming trend in the full-forcing simulation, and a stronger EP warming trend in
the GHG-only simulation (Extended Data Fig. 10). Thus, CNRM-CM6 is representative of the
models with zonal temperature gradient strengthening or no trend in the historical simulations,
and hence a delay of EP warming, caused likely by an OT-type response with aerosol effects

superimposed. MIROC6 may represent models that show a slight weakening of the

12
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temperature gradient in the full historical experiments since they do not have strong aerosol or

OT-type effects, and thus generate historical trends opposite to observations.

Discussion

We have investigated the tropical Pacific response to radiative forcing across a range of CMIP6
warming simulations. In abrupt 4xCO; experiments, we distinguish two types of behavior based
on initial decadal changes: (1) models with a relatively strong OT-like initial response followed
by a weak and delayed EP warming and (2) models in which EP warming starts to develop
within the first decade. Eventually, most CO,-onfly experiments develop EP warming, but of
vastly different magnitudes and somewhat different spatial structures, and the initial response
in abrupt 4xCO; experiments is a good predictor for the eventual EP pattern strength.
Accordingly, the initial OT-like response is typically replaced in the long-term by a weak EP
pattern, while the initial, relatively weak EP pattern develops into a strong EP pattern. Across
the models, the correlation between the initial temperature gradient changes in the 4xCO;
experiments and longer-term changes in CO,-rise experiments varies from 0.72 to 0.86,
confirming the utility of the abrupt 4xCO; experiments in elucidating the physics of the

response and highlighting the OT and EP mechanisms.

Despite the strong correlation between the initial and long-term responses across CO;-only
experiments, we find poor correlation between initial changes in the 4xCO; experiments and
the realistic (full-forcing) historical simulations. Isolating the effects of aerosols and GHGs

shows that aerosols may explain this poor correlation by countering the GHG warming pattern

13



256  and thus suppressing or delaying the EP warming response in the full-forcing experiments. A
257  strong OT effect in some of the models may also contribute to this delay.

258

259 Inrealistic future scenarios (SSP3-7.0, SSP5-8.5), even with continuing aerosol emissions, the
260 equatorial EP warming becomes more pronounced and it evolves to correlate well with the
261  4xCO; initial response, as the GHG-driven tropical response overcomes aerosol effects. Thus,
262  our results suggest that any anthropogenic component of the currently observed trends in the
263  tropical Pacific may be of transient nature and caused by either aerosol effects or an OT

264  response to GHG-forcing, or a combination of both, acting to delay the EP warming.

265  Consequently, as future atmospheric GHGs increase and aerosol emissions decrease, an

266  enhanced warming of the eastern equatorial Pacific and associated Walker circulation

267  weakening can be expected (Fig. 5, Extended Data Fig. 1 and Supplementary Fig. 1).

268

269  Several major questions remain. First, the large spread in long-term tropical Pacific projections
270 remains an issue, caused largely by differences in how models respond to CO; rather than

271  aerosol effects or natural variability. The competition among various mechanisms that either
272  strengthen or weaken the Pacific temperature gradient, including the transient OT effect, plays
273  out differently in each model, and how these differences are related to model resolution, biases
274  and sub-grid parameterizations remains a challenging question to address. A generally colder
275  tropical Pacific seems to favor the OT effect, but with large variations across the models.

276  Second, the models differ strongly in their representation of tropical natural variability, and
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future changes in modes of climate variability may contribute to inter-model spread, which

particularly concerns model representation of ENSO>? and its change.

Third, few models capture the observed historical trend, whether aerosol-driven or not, and
differences in the controlling mechanisms and in projections are large. If aerosols are driving
the observed lack of warming in the equatorial central and eastern Pacific, one may expect a
strong reversal once aerosol emissions level off and GHG effects dominate. However, if the
observed trends in the Pacific are driven primarily by an OT-type response, perhaps in
combination with multi-decadal climate variability, we may expect a delayed and weaker EP
warming pattern. The uncertainty in what drives the observed trend thus makes it difficult to
obtain more robust future projections, warranting more scrutiny of the role of aerosols in these

models and constraints on the transient ocean thermostat.

References

1. Clement, A. & DiNezio, P. The tropical Pacific Ocean—Back in the driver’s seat? Science 343,
976-978 (2014).

2. Fedorov, A. V., Burls, N. J., Lawrence, K. T. & Peterson, L. C. Tightly linked zonal and
meridional sea surface temperature gradients over the past five million years. Nat. Geosci.
8, 975-980 (2015).

3. Kosaka, Y. & Xie, S.-P. The tropical Pacific as a key pacemaker of the variable rates of global

warming. Nat. Geosci. 9, 669-673 (2016).

15



299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

10.

11.

12.

13.

14.

Pierrehumbert, R. T. Climate change and the tropical Pacific: The sleeping dragon wakes.
Proc. Natl. Acad. Sci. 97, 1355—-1358 (2000).

Collins, M. et al. The impact of global warming on the tropical Pacific Ocean and El Nifo.
Nat. Geosci. 3,391-397 (2010).

DiNezio, P. N. et al. Mean climate controls on the simulated response of ENSO to increasing
greenhouse gases. J. Clim. 25, 7399-7420 (2012).

Fedorov, A. V. & Philander, S. G. Is El Nifio changing? Science 288, 1997—2002 (2000).
England, M. H. et al. Recent intensification of wind-driven circulation in the Pacific and the
ongoing warming hiatus. Nat. Clim. Change 4, 222-227 (2014).

Fedorov, A. V., Hu, S., Wittenberg, A. T., Levine, A. F. & Deser, C. ENSO Low-Frequency
Modulation and Mean State Interactions. El Nifio South. Oscil. Chang. Clim. 173-198 (2020).
Hu, S. & Fedorov, A. V. The extreme El Nifio of 2015-2016 and the end of global warming
hiatus. Geophys. Res. Lett. 44, 3816—-3824 (2017).

McGregor, S. et al. Recent Walker circulation strengthening and Pacific cooling amplified by
Atlantic warming. Nat. Clim. Change 4, 888—892 (2014).

Andrews, T. et al. Accounting for Changing Temperature Patterns Increases Historical
Estimates of Climate Sensitivity. Geophys. Res. Lett. 45, 8490—-8499 (2018).

Dong, Y. et al. Intermodel Spread in the Pattern Effect and Its Contribution to Climate
Sensitivity in CMIP5 and CMIP6 Models. J. Clim. 33, 7755-7775 (2020).

Sohn, B.-J., Yeh, S.-W,, Lee, A. & Lau, W. K. M. Regulation of atmospheric circulation
controlling the tropical Pacific precipitation change in response to CO 2 increases. Nat.

Commun. 10, 1108 (2019).

16



321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

15.

16.

17.

18.

19.

20.

21.

22.

23.

Yeh, S.-W. et al. ENSO Atmospheric Teleconnections and Their Response to Greenhouse Gas

Forcing. Rev. Geophys. 56, 185—206 (2018).
Ceppi, P., Zappa, G., Shepherd, T. G. & Gregory, J. M. Fast and slow components of the
extratropical atmospheric circulation response to CO2 forcing. J. Clim. 31, 1091-1105

(2018).

Kociuba, G. & Power, S. B. Inability of CMIP5 models to simulate recent strengthening of the

Walker circulation: Implications for projections. J. Clim. 28, 20-35 (2015).

Plesca, E., Griitzun, V. & Buehler, S. A. How robust is the weakening of the Pacific Walker
circulation in CMIP5 idealized transient climate simulations? J. Clim. 31, 81-97 (2018).
Dong, B. & Lu, R. Interdecadal enhancement of the Walker circulation over the tropical
Pacific in the late 1990s. Adv. Atmospheric Sci. 30, 247-262 (2013).

Ma, S. & Zhou, T. Robust strengthening and westward shift of the tropical Pacific Walker
circulation during 1979-2012: A comparison of 7 sets of reanalysis data and 26 CMIP5
models. J. Clim. 29, 3097-3118 (2016).

Meng, Q. et al. Twentieth century Walker circulation change: Data analysis and model
experiments. Clim. Dyn. 38, 1757-1773 (2012).

Hu, S. & Fedorov, A. V. Indian Ocean warming can strengthen the Atlantic meridional
overturning circulation. Nat. Clim. Change 9, 747-751 (2019).

Zhang, L. et al. Indian Ocean Warming Trend Reduces Pacific Warming Response to
Anthropogenic Greenhouse Gases: An Interbasin Thermostat Mechanism. Geophys. Res.

Lett. 46, 10882—10890 (2019).

17



342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

24,

25.

26.

27.

28.

29.

30.

31.

32.

Clement, A. C., Seager, R., Cane, M. A. & Zebiak, S. E. An ocean dynamical thermostat. J.
Clim. 9, 2190-2196 (1996).

Liu, Z. The Role of Ocean in the Response of Tropical Climatology to Global Warming: The
West—East SST Contrast. J. Clim. 11, 864—875 (1998).

Luo, Y., Lu, J., Liu, F. & Garuba, O. The Role of Ocean Dynamical Thermostat in Delaying the
El Nifo—Like Response over the Equatorial Pacific to Climate Warming. J. Clim. 30, 2811-
2827 (2017).

Heede, U. K., Fedorov, A. V. & Burls, N. J. Timescales and mechanisms for the Tropical
Pacific response to global warming: a tug of war between the Ocean Thermostat and
weaker Walker. J. Clim. (2020) doi:10.1175/JCLI-D-19-0690.1.

Fosu, B., He, J. & Liguori, G. Equatorial Pacific Warming Attenuated by SST Warming
Patterns in the Tropical Atlantic and Indian Oceans. Geophys. Res. Lett. 47, e2020GL088231
(2020).

Levine, A. F., McPhaden, M. J. & Frierson, D. M. The impact of the AMO on multidecadal
ENSO variability. Geophys. Res. Lett. 44, 3877-3886 (2017).

Xie, S.-P. et al. Global warming pattern formation: Sea surface temperature and rainfall. J.
Clim. 23, 966-986 (2010).

Knutson, T. R. & Manabe, S. Time-mean response over the tropical Pacific to increased C02
in a coupled ocean-atmosphere model. J. Clim. 8, 2181-2199 (1995).

Vecchi, G. A. & Soden, B. J. Global warming and the weakening of the tropical circulation. J.

Clim. 20, 4316—-4340 (2007).

18



363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

33.

34,

35.

36.

37.

38.

39.

40.

Held, I. M. & Soden, B. J. Robust responses of the hydrological cycle to global warming. J.
Clim. 19, 5686-5699 (2006).

Erfani, E. & Burls, N. J. The Strength of Low-Cloud Feedbacks and Tropical Climate: A CESM
Sensitivity Study. J. Clim. 32, 2497-2516 (2019).

Stuecker, M. F. et al. Strong remote control of future equatorial warming by off-equatorial
forcing. Nat. Clim. Change 1-6 (2020).

Coats, S. & Karnauskas, K. B. Are simulated and observed twentieth century tropical Pacific
sea surface temperature trends significant relative to internal variability? Geophys. Res.
Lett. 44, 9928-9937 (2017).

Burls, N. J. & Fedorov, A. V. What controls the mean east—west sea surface temperature
gradient in the equatorial Pacific: The role of cloud albedo. J. Clim. 27, 2757-2778 (2014).
Li, G., Xie, S.-P., Du, Y. & Luo, Y. Effects of excessive equatorial cold tongue bias on the
projections of tropical Pacific climate change. Part |: The warming pattern in CMIP5 multi-
model ensemble. Clim. Dyn. 47, 3817-3831 (2016).

Collins, M. & The CMIP Modelling Groups (BMRC (Australia), C. (Canada), CCSR/NIES
(Japan), CERFACS (France), CSIRO (Austraila), MPI (Germany), GFDL (USA), GISS (USA), IAP
(China), INM (Russia), LMD (France), MRI (Japan), NCAR (USA), NRL (USA), Hadley Centre
(UK) and YNU (South Korea)). El Nifio- or La Nifia-like climate change? Clim. Dyn. 24, 89-104
(2005).

Kohyama, T. & Hartmann, D. L. Nonlinear ENSO Warming Suppression (NEWS). J. Clim. 30,

4227-4251 (2017).

19



384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Lee, S.-K. et al. Pacific origin of the abrupt increase in Indian Ocean heat content during the
warming hiatus. Nat. Geosci. 8, 445 (2015).

Dong, L., Zhou, T. & Chen, X. Changes of Pacific decadal variability in the twentieth century
driven by internal variability, greenhouse gases, and aerosols. Geophys. Res. Lett. 41, 8570—
8577 (2014).

Takahashi, C. & Watanabe, M. Pacific trade winds accelerated by aerosol forcing over the
past two decades. Nat. Clim. Change 6, 768-772 (2016).

Seager, R. et al. Strengthening tropical Pacific zonal sea surface temperature gradient
consistent with rising greenhouse gases. Nat. Clim. Change 9, 517-522 (2019).

Zhao, B. & Fedorov, A. The Effects of Background Zonal and Meridional Winds on ENSQO in a
Coupled GCM. J. Clim. 33, 2075-2091 (2020).

Heede, U. K., Fedorov, A. V. & Burls, N. J. A stronger versus weaker Walker: understanding
model differences in fast and slow tropical Pacific responses to global warming. Clim. Dyn.
1-18 (2021).

Song, X. & Zhang, G. J. Role of Climate Feedback in El Nifio—Like SST Response to Global
Warming. J. Clim. 27, 7301-7318 (2014).

DiNezio, P. N. et al. Climate response of the equatorial Pacific to global warming. J. Clim. 22,
4873-4892 (2009).

Ying, J., Huang, P. & Huang, R. Evaluating the formation mechanisms of the equatorial
Pacific SST warming pattern in CMIP5 models. Adv. Atmospheric Sci. 33, 433-441 (2016).
Lund, M. T., Myhre, G. & Samset, B. H. Anthropogenic aerosol forcing under the Shared

Socioeconomic Pathways. Atmospheric Chem. Phys. 19, 13827-13839 (2019).

20



406

407

408

409

410

411
412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

51. Watanabe, M., Dufresne, J.-L., Kosaka, Y., Mauritsen, T. & Tatebe, H. Enhanced warming
constrained by past trends in equatorial Pacific sea surface temperature gradient. Nat. Clim.
Change 1-5 (2020) doi:10.1038/s41558-020-00933-3.

52. Hayashi, M., Jin, F.-F. & Stuecker, M. F. Dynamics for El Nifio-La Nifia asymmetry constrain

equatorial-Pacific warming pattern. Nat. Commun. 11, 4230 (2020).

Methods

Experiments

We analyze three types of experiments from the Climate Model Intercomparison Project Phase
6 (CMIP6) archive. The first type consists of two hypothetical CO,-only experiments: “abrupt-
4xCO;" rise and “1pctCO,” gradual CO; rise (1% per year) where COz-increases are relative to a
pre-industrial level of 280 ppm (here quotation marks refer to labelling of experiments in the
CMIP6 archive). The second type has full-forcing experiments: “historical” simulations using the
observed greenhouse gas (GHG) concentrations and aerosol emissions, as well as two future
scenarios, “SSP5-8.5” and “SSP3-7.0” which follow projected changes in GHG and aerosols. The
third type of experiments consists of modified historical runs with either historical GHG
concentrations prescribed and no aerosols (“hist-GHG”), or prescribed historical aerosol
emissions with a constant preindustrial GHG level (“hist-aer”). Note that for UKESM1 and MPI-
ESM-1-2-HAM, we used their “hist-piaer” (historical with pre-industrial aerosol emission)
simulation rather than the “hist-GHG” simulation as the latter was not available. The “hist-
piaer” simulation, however, is similar to “hist-GHG” for our purposes since it keeps aerosol

emissions constant at the pre-industrial level.
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Models and observational datasets

We use a total of 40 CMIP6 models in our analysis. The criterion for including a given model is
whether it has at least one ensemble member and 150 years of simulation available for the
following experiments: “abrupt-4xC0O;”, “1pctC0O,”, “piControl”, and “historical” (at the time
the data was downloaded during a period from March to September 2020). Some models do
not have future projected scenarios (Fig. 2b), and these models are excluded from that part of
the analysis. For the CO;-only simulations, given the strong forcing signal, we only use one
ensemble member per model, but for the historical simulation and future projections, for which
the forcing is smaller and therefore natural variability plays a greater role, we include all
available ensemble members, whose numbers range from 1 to 32 (Supplementary Table 1). For
Fig 1, however, we use only one ensemble member per model to give equal weight to each
model. In addition, a subset of 12 models is used for the second part of the analysis to separate
the effects of greenhouse gases and aerosols by comparing the GHG-only, aerosols-only and
full-forcing historical simulations. The selection of these 12 models is based on the criterion of
having at least one ensemble member available for each of the three types of historical
simulations — realistic and partial-forcing. Lastly, for SST data we use Extended Reconstructed

Sea Surface Temperature, version 4 (ERSST v4) >, and for winds and sea level pressure we use

NCEP/NCAR Reanalysis 1°°.

Metrics
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We define the Pacific zonal temperature gradient as the surface temperature difference
between two regions along the equator — the region of the Indo-Pacific warm pool
encompassing the western equatorial Pacific, the Maritime continent and the eastern Indian
ocean (802E to 1509E, 59S to 52N, including some land areas) minus the central and eastern
equatorial Pacific (1802E to 2802E, 59S to 52N), see Supplementary Fig. 1a. We will refer to this
gradient as the Pacific zonal temperature or SST gradient since the inclusion of land has only a
minor effect, and since this gradient is dominated by the Pacific east-west SST contrast. The
strength of the Walker circulation is defined as a sea level pressure (SLP) difference between
the same regions used for defining the zonal temperature gradient, but with a minus sign.
Anomalies are calculated relative to a preindustrial Control (“piControl”) time mean of at least
150 years for the hypothetical CO;-only experiments and relative to a historical baseline of
1950-1970 for the historical and SSP scenarios. We chose this particular baseline because

historical observations become more reliable after the 1950s.

Data availability

CMIP6 data is available at: https://esgf-node.lInl.gov/search/cmip6/. Individual dataset used in

this study are available upon request in the event they are temporarily unavailable for

download at the above directory. ERSST v4 is available at: https://www.ncdc.noaa.gov/data-

access/marineocean-data/extended-reconstructed-sea-surface-temperature-ersst-v4 and

NCEP/NCAR Reanalysis is available at:

https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html#citations

23


https://esgf-node.llnl.gov/search/cmip6/
https://www.ncdc.noaa.gov/data-access/marineocean-data/extended-reconstructed-sea-surface-temperature-ersst-v4
https://www.ncdc.noaa.gov/data-access/marineocean-data/extended-reconstructed-sea-surface-temperature-ersst-v4
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html#citations

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

Code Availability

All plots and analysis are carried out using Python v. 3.4 including the following packages:
xarray, numpy, xesmf, pandas, os, matplotlib and cartopy. The majority of code used for

analysis is publicly available at: https://github.com/ubbu36/CMIP6 pacific_analysis (DOI:

343968992)%. All code files are available upon reasonable request.
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Figure captions

Figure 1. Multi-model-mean temporal evolution of the Pacific zonal surface temperature
gradient in different experiments. (a) Historical simulations and changes in the observed SST
gradient (red line, errst v4 data);, both are relative to the 1950-1970 baseline. (b,c) Future
projection scenarios SSP5-8.5 and SSP3-7.0 relative to the 2015-2025 baseline. (d,e) Abrupt 4xCO;
and gradual 1pct CO»-rise experiments relative to the piControl level. In order to weight each
model equally, only one ensemble member per model is included. Shading indicates model spread.
A ten-year running mean is applied. Negative values indicate the weakening of the temperature
gradient.

Figure 2. Changes in the Pacific zonal surface temperature gradient in different experiments for
each model. These bar charts show zonal temperature gradient changes for (a) the COz-only
experiments and (b) the full-forcing historical and SSP5-8.5 simulations. Anomalies in the CO;-
only experiments are measured relative to piControl. Anomalies in the historical and SSP5-8.5
scenarios are calculated relative to the 1950-1970 baseline and compared to the observed
changes (the red bar). Error bars, when provided, indicate ensemble spread (one standard
deviation) for models that include at least 3 ensemble members.
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Figure 3. Initial and long-term SST anomaly patterns at low latitudes developing in the abrupt
4xCO; experiments. The panels show multi-model-mean anomalies relative to the area mean
warming for two model categories based on the structure of the initial response. The ocean
thermostat (OT) category contains models with a relative cooling (or lack of warming) in the
central and eastern equatorial Pacific in the first 25 years. The eastern equatorial Pacific warming
(EP) category contains models with a clear warming in the central and eastern equatorial Pacific
during the same years. In the long-term response (right panels) both categories show a
pronounced EP warming pattern but whose strength depends on the type and strength of the
initial response. The models assigned to each category are listed in the legend of Fig. 5. We used
7 and 13 models for the OT and EP categories, respectively. The remaining models fall in between
these end-members. To highlight the patterns of change, anomalies are computed with respect
to piControl with the ocean mean warming (60 °E - 60 °W, 40 °S - 40°N) subtracted. Hatching
indicates that 80% of the models agree on the sign of the anomaly.

Figure 4. Initial and long-term sea level pressure (SLP) and surface wind anomaly patterns in
the abrupt 4xCO; experiments. The plot shows SLP anomalies relative to the mean area change
(within 60°E - 60°W, 30°S - 30°N) and wind anomalies (arrows) for the OT and EP model categories
and the same times as in Fig 2. Note the long-term reduction in the east-west SLP gradient and
westerly wind anomalies along the equator in panels (b) and (d), indicating the weakening of the
Walker circulation. This contrasts the strengthening of the Walker circulation in the OT category
in panel (a) during the first decades of the experiments.

Figure 5. Changes in the Pacific zonal surface temperature gradient in different experiments
versus the 4xCO; initial response: (a) long-term anomalies in the abrupt 4xCO; experiments for
years 100-150; (b) anomalies in the 1pct CO; experiments for years 20-80; (c) anomalies in the
GHG-only historical simulations for years 1990-2014 relative to piControl; (d) anomalies in the
full-forcing historical simulations for years 1990-2014 relative to piControl; (e,f) long-term
anomalies, defined as 2080-2100 minus piControl, for the SSP3-7.0 and SSP5-8.5 scenarios. Each
marker+color combination represents one model as described in the legend below the panels.
Models marked as OT or EP, respectively, have a clear initial strengthening or weakening of the
Pacific zonal temperature gradient in the first 25 years of the 4xCO, simulations. Models that have
partial-forcing experiments are denoted with an asterisk. Negative values indicate the weakening
of the zonal temperature gradient. Dashed vertical lines indicate the thresholds for the OT and EP
categories respectively. The R and p values denote the correlation coefficients and statistical
significance of Pearson’s correlation.

27



560
561
562
563
564
565
566

Figure 6. Anomalies in surface temperature, sea level pressure (SLP) and surface winds in
experiments with full or partial historical forcing. The maps show multi-model-mean anomalies
in surface temperature (left) and SLP and wind (right) for years 2000-2014 relative to the 1950-
1970 baseline for three historical experiments: (a,b) with full forcing, and (c,d) with GHG-only and
(e,f) aerosols-only forcings. Note that the colorbar for panel (e) is saturated at -0.5 and 0.5, which
highlights the pattern of change over the ocean. A subset of 12 models that have all three types
of simulations is used (these models are included in Fig. 5c).
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