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Abstract

The tropical Pacific plays a pivotal role in global climate. Changes in its mean state and El
Nino—Southern Oscillation (ENSO) could significantly alter regional hydroclimates, causing major
economic and societal impacts, yet its response to different emission pathways remains poorly
constrained. Here, we assess changes in the mean state and ENSO under high-emission and
net-zero scenarios using climate model simulations spanning centennial to millennial timescales.
Under transient warming, the tropical Pacific exhibits an El Nino—like mean state shift accompanied
by increased ENSO amplitude. Following emission cessation, this altered mean state persists
as ENSO variability and frequency of extreme El Nifio events remain elevated for centuries. This
shift sustains El Nifo—like rainfall anomalies despite declining atmospheric CO,. These findings
indicate that key aspects of tropical Pacific climate change are effectively irreversible, implying that
net-zero emissions may slow further change but are insufficient to restore pre-industrial conditions.
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Introduction

Tropical Pacific climate variability drives global impacts across time-scales, including the modulation of
global mean temperature [1, 2], high-impact weather [3], and adverse socio-economic effects [4]. These
impacts are largely associated with El Nifio-Southern Oscillation (ENSO), a leading mode of interannual
climate variability characterised by eastern Pacific warming/cooling and shifts in tropical convergence zones
[5] during its two active phases, El Nifio and La Nifia. Understanding how ENSO evolves in a changing
climate is critical, but there is little consensus on the direction and magnitude of ENSO changes [6]. Most
studies suggest an increase in the ENSO amplitude, in response to anthropogenic warming [35, 7, 8], while
some studies suggest either non-robust changes [9] or robust decrease in ENSO amplitude, [10-12] with
these uncertainties largely stemming from unforced variability [9, 11] and model differences [13].

Unlike ENSO changes, there is broad inter-model agreement on changes in the tropical Pacific mean
state, often represented by the west-minus-east equatorial Pacific zonal temperature gradient (ZTG). Most
models project a weakening ZTG with faster warming in eastern equatorial Pacific [14, 15], implying a
more “El Nifio-like” mean state. However, confidence in these projections is limited due to a discrepancy
of models with observations, which show a strengthening ZTG in recent decades [14—16]. This mismatch
raises concerns about the fidelity of Earth system models (ESMs), given persistent model biases in simulating
tropical Pacific processes [16—18] and their inability to accurately represent convective cloud feedbacks and
mesoscale ocean eddies [19].

The model-observation mismatch in the ZTG response may be explained by several concordant physical
and dynamical mechanisms [14, 15]. These mechanisms, which include: internal variability on decadal
timescales [20-22]; transient ocean dynamical thermostat cooling [17, 23]; short-lived climate forcings
such as aerosols and stratospheric ozone [24-26]; and remote impacts of Southern Ocean cooling [27, 28],
can temporarily strengthen ZTG but are expected to weaken over time. On the other hand, mechanisms
that weaken ZTG: oceanic tunnel [23]; Southern Ocean warming [29, 30]; and differential evaporative
damping [15, 31], are likely to amplify, implying that the forced weakening of ZTG will likely emerge in the
21% century [14, 15, 30, 32]. This suggests that the apparent model-observation mismatch may be due to
factors such as internal variability dominating historical trends, with future change expected to favour ZTG
weakening. Consistent with this, Mcgregor et al. [33] show that CMIP6 models with smaller tropical Pacific
mean state biases better match historical ZTG trends and project greater ZTG weakening.

Changes in ENSO and ZTG have been extensively studied under transient and abrupt CO, forcing
experiments. However, their evolution under low-emission pathways, particularly net-zero emission futures
that are under-represented in the Coupled Model Intercomparison Project (CMIP), remains largely unexplored
[34]. Studies using idealised CO, removal experiments suggest the presence of long-term hysteresis in ENSO
characteristics [35-37], but such scenarios do not align with the currently limited deployment of large-scale
CO;, removal technologies [38, 39]. This motivates a focused assessment of tropical Pacific evolution
under policy-relevant net-zero emission scenarios across different warming levels [40]. The climate system
will continue to evolve even after emissions cease [41-43], due to ocean memory and slow circulation
processes, with impacts of cumulative emissions persisting for centuries, raising the possibility of long-lived
or effectively irreversible changes in ENSO and the tropical Pacific mean state.
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Figure 1. CO; concentration and GMST changes in ZECMIP and ACCESS-ESM1-5 net-zero experiments. a, CO,
concentration changes in the 1pctCO,; brch-1000PgC emission cessation scenario in the ZECMIP Tier 1 experiments. b, CO,
concentration changes in ACCESS-ESM1-5 historical (1850-2014), SSP5-8.5 (2015-2300) runs and seven 1000-year long net-zero
branching runs separated by an interval of 5 years. The net-zero branching runs B2030, B2045 and B2060 are shown in bold colours.
¢, d, Same as a, b but for GMST anomaly changes. The gray solid line in ¢ indicates the multimodel ensemble average GMST
anomaly in piControl runs, while the gray shading represents the 10th-90th percentile rage across the multimodel ensemble. Note
that the time on the horizontal axis in d does not represent the piControl time index, which varies from 0—1000. The gray solid line
in d indicates the GMST anomaly evolution in the ACCESS-ESM1-5 piControl run.

Results and Discussion

Centennial-scale post net-zero changes in tropical Pacific

Here, we analyse the implications of the slowly evolving Earth system components on ENSO and ZTG by
first using the Zero Emissions Commitment Model Intercomparison Project (ZECMIP) [44] tier 1 experiment.
Nine ESMs simulate branching from the 1% CO; (1pctCO,) transient run with CO; emissions set to zero
at the point of 1000PgC of cumulative emissions (brch-1000PgC; Fig.1a) leading to a stabilisation of
global mean surface temperature (GMST) at about 2°C above preindustrial (Fig.1c) with some inter-model
differences (Supplementary Fig.1). The changes in ENSO amplitude in the transient 1pctCO; run are highly
model dependent and non-monotonic (Supplementary Fig. S2). Seven out of nine models suggest an ENSO
amplification in the 1pctCO; transient run, while others show non-significant changes (Supplementary Fig.
S2). The multi-model median response indicates a slight increase in ENSO amplitude (Fig.2a,b). Post
emission cessation, in the branching run, six out of nine models and the ensemble median shows a persistence
of elevated ENSO amplitude (Supplementary Fig. S2 and Fig. S2a,b). ZTG response in the transient run
is consistent across all models (Supplementary Fig. S3), showing a weakening (EI Nifio—like mean state
change) which also persists for decades after emission cessation (Fig.2c,d). In the three models that ran two
additional branching experiments at low (750PgC) and high (2000PgC) levels of cumulative emissions, the
tropical Pacific changes are more prominent at the highest level, often showing a continuous ZTG weakening
post emission cessation particularly in the UKESM1-0-LL model (Supplementary Fig. S3).
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Figure 2. Persistence of elevated ENSO amplitude, weakened ZTG and extreme El Niiio events under zero CO, emissions in
ZECMIP. a, Changes in ENSO amplitude, calculated as the 30-year rolling standard deviation of Nifio3 index, in the 1pctCO,
(black) and ZECMIP brch-1000PgC (red) experiments. The thick line represents the median across the model ensemble (n=9) and
the shading represents the 10th—90th percentile range of the model ensemble. b, The kernel density estimate of ENSO amplitude
across the model ensemble for the 1pctCO, and ZECMIP branching experiments. The inset whisker plots represent the median,
10th and 90th percentile of the temporal distributions. The gray line represents the changes in ENSO amplitude in the piControl
experiment. The thin black line is the piControl average across time and model ensemble, while the grey shading represents the
10th-90th percentile range. ¢, d, Same as a, b but for the 30-year rolling average of the ZTG anomaly. e-g, Relationship between
meridional temperature gradient (MTG) and precipitation in the Nifio3 region (see Methods) of piControl (e), 1pctCO; (f) and
ZECMIP brch-1000PgC (g) experiments. The variables n, s and e represent the sample size, strong and extreme El Nifio events, as a
percentage of all ENSO events respectively. The value of e in brackets represents the extreme El Nifio events as a percentage of only
El Nifio events. The horizontal gray line represents the 150 mm/month threshold used to define extreme El Nifio events.

To investigate the influence of the background mean state and ENSO amplitude changes on the frequency
of extreme El Niflo events, we calculate the relationship between the meridional temperature gradient (MTG)
and precipitation in the east equatorial Pacific in piControl, 1pctCO, and brch-1000PgC runs across all
models (see Methods). This relationship is a good proxy for measuring extreme El Nifo event frequency
[45, 46] because during an El Nifio event, a warmer eastern equatorial Pacific leads to weakened MTG
and ZTG, associated with an equatorward shift of the Inter-tropical Convergence Zone (ITCZ), thereby
increasing convection in eastern equatorial Pacific. We find a two-fold increase in extreme El Nifio events in
the transient 1pctCO; runs (Fig.2e,f) owing to increased precipitation variability in eastern equatorial Pacific
and a weakening of the MTG due to enhanced warming in eastern equatorial Pacific, which aligns with the
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results of Cai et al. [45]. Post net-zero, these changes persist (Fig.2g) owing to a sustained net-equatorward
shift of the tropical convergence zones with continuous warming in eastern equatorial Pacific (Supplementary
Fig. S4), similar to the findings of Cai et al. [S] and Liu et al. [47].

Millenial-scale post net-zero changes in tropical Pacific

To better isolate the long-term impacts of anthropogenic forcing on ENSO amplitude, ZTG and causes therein,
we use seven 1000-year long bespoke net-zero CO, emission scenarios run with the Australian Earth System
model, ACCESS-ESM1-5 [40, 43]. These scenarios branch from the transient SSP5-8.5 scenario between
2030-2060 (at 5-year intervals) and show a slow warming trend even after emissions cease (Fig.1b,d). We
use three of these simulations: early (B2030), middle (B2045) and late (B2060) branching runs, to investigate
the implications of the timing of achieving net-zero this century [40, 43]. This modelling framework provides
sufficient data to generate statistically robust analyses of the long-term implications of forced changes in the
Earth system after emission cessation in comparison to an equivalent 1000-year long piControl run without
any external forcing.

Under long-term transient warming (SSP5-8.5 scenario), ENSO amplitude initially increases along with
a weakening ZTG (Fig.3a—d). However, post-2100, ENSO amplitude decreases to below the piControl
range (Fig.4b,c), even though ZTG continues to weaken. These results align with previous studies [48, 49]
indicating a shift towards a more El Nifio—like mean state. Similar to the ZECMIP results, our bespoke
runs also exhibit persistent long-term weakening in ZTG, and a persistence in the amplification of ENSO
amplitude on centennial timescales (Fig.3 and Fig.4d).

Based on our thresholds for extreme El Nifio event frequency analysis (see Methods), we do not find
any events in the piControl run (Fig.3e), but under transient warming, extreme El Niflo events increase
significantly (Fig.3f-h). Post net-zero, the extreme El Nifio events reduce in frequency but persist (Fig.3i-k).
All these changes increase incrementally at higher warming levels, with the largest changes in the delayed
B2060 run associated with the strongest mean state shift. Under transient warming, the 30—year period
centred at the branching year of 2060, represents a climate where 36% of all El Nifio events are extreme
(see Fig.3f), across the 40 member ensemble. Post net-zero B2060, this number is smaller (27%) but still
significantly larger than piControl (see Fig.3i). At lower warming levels, the magnitude of the increase in
extreme El Nifio events is smaller, particularly for B2030 and its transient counterpart, where the extreme El
Nifio events are roughly 2-4% of all events. This adds to the body of evidence demonstrating the importance
of rapid and substantial climate mitigation, in this case to prevent a non-linear increase in extreme El Nifio
occurrences for many centuries [37].

Our findings of an amplification in ENSO amplitude under stabilisation differ from Callahan et al. [11]
which found a robust decrease in ENSO amplitude and a weakened ZTG in millennial-length simulations
with fixed atmospheric carbon dioxide concentrations following an abrupt change (e.g. doubling, quadrupling,
etc.). Their analysis is at very high atmospheric CO, concentrations, relative to our bespoke net-zero runs
(Fig.1a,b), and is more comparable to the ENSO amplitude response under the extended SSP5-8.5 scenario.
The differences in the responses to equilibration at low or high atmospheric CO; highlight the complex and
nonlinear relationship between ENSO amplitude and mean state. We believe that the nonlinearity arises due
to a time-varying response of ENSO amplitude to anthropogenic forcing, as highlighted in previous work [13].
During moderate warming, a weakened ZTG can enhance ENSO amplitude by reducing convective thresholds
in the eastern equatorial Pacific [14, 15, 46, 50]. In contrast, under sustained or extreme CO; forcing, further
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Figure 3. Persistence of elevated ENSO amplitude, weakened ZTG and extreme El Niiio events under zero CO, emissions at
different warming levels in ACCESS-ESM1-5 net-zero runs. a, b, Changes in ENSO amplitude (a) and ZTG (b) in SSP5-8.5
(black), and branching runs: B2030 (gold), B2045 (red) and B2060 (maroon). The thick black line represents the median for
SSP5-8.5, while shading represents the 10th—90th percentile range across the 40-member large ensemble. The gray line represents
the ENSO amplitude and ZTG anomaly in the piControl experiment. The thin black line is the piControl average across time and
model ensemble, while the grey shading represents the 10th—90th percentile range. Note that the time on the horizontal axis ina and
b does not represent the piControl time index, which varies from 0-1000. ¢, d, The kernel density estimate of ENSO amplitude
(¢) and ZTG (d) across the 40-member model ensemble at different time-slices for both SSP5-8.5 and branching runs. The inset
whisker plots represent the median, 10th and 90th percentile of the distributions. e-k, Relationship between MTG and precipitation
in the Nifio3 region in the piControl (e), SSP5-8.5 experiment (f-h) and net-zero branching runs (i-k) for different time slices. The
variables n, s and e represent the sample size, strong and extreme El Nifio events, as a percentage of all ENSO events respectively.
The value of e in brackets represents the extreme El Nifio events as a percentage of only El Nifio events. The horizontal gray line
represents the 150 mm/month threshold used to define extreme El Nifio events.
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Figure 4. SST variability changes in the tropical Pacific under sustained long term transient warming and post net-zero
scenarios using ACCESS-ESM1-5. a, SST variability in the tropical Pacific in the ACCESS-ESM1-5 1000-year long piControl run.
The black boxes represent the West and East equatorial Pacific regions used for calculating the value of ZTG. b, ¢, Changes in the
SST variability, averaged across the 40 member ensemble under transient warming in SSP5-8.5 scenario, during 2045-2075 and
2200-2300. d, Change in the SST variability under emission cessation in post net-zero 1000-year long branching run B2060. The
solid (dashed) gray contours represent the positive (negative) relative SST anomalies in the tropical Pacific. The relative anomalies
were calculated by subtracting the global average SST anomaly from the SST anomaly at each grid point.

ZTG weakening may suppress ENSO growth rates and variability through collapsed upwelling or weakened
thermocline feedbacks [10, 11, 48, 49, 51].

Evidence from paleoclimate modelling and proxy reconstructions also point to a nonlinear sensitivity
of ENSO amplitude to tropical Pacific background mean state across climate regimes [52, 53], with a
strengthened (weakened) ZTG and low (elevated) ENSO amplitude under glacial (warmer) conditions
[54], but a weakened amplitude and ZTG under more extreme warm tropical Pacific mean state conditions
[52, 55, 56]. These studies suggest that ENSO amplitude does not respond monotonically to mean state
change. Our results place net-zero stabilisation scenarios within this broader nonlinear framework, indicating
that moderate warming followed by emission cessation may lock in a weakened ZTG and sustain elevated
ENSO variability for centuries, even without extreme CO; concentrations.

Constraints on recovery and persistence of a tropical Pacific regime shift

Multiple competing mechanisms can influence ZTG and ENSO amplitude under transient greenhouse warm-
ing, including changes in atmospheric stability, ocean stratification, and large-scale circulation adjustments
[5, 14, 15]. As aresult, it is difficult to attribute changes to a single driver during the warming phase. However,
the persistence of mean-state anomalies following emission cessation suggests that slower components of the
climate system impose additional constraints on the long-term recovery. Here, we discuss these constraints
and the potential mechanisms through which the tropical Pacific mean state and variability evolve under
net-zero.
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Figure 5. Long term sea surface, deep ocean and Southern Ocean temperature change in ACCESS-ESM1-5 net-zero runs.
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the 40°S—-80°S latitude band and 0°-360°longitude band, respectively. d—f, g—i, Same as a—b but for transient warming period
2030-2060; net-zero B2045 and transient warming period 2015-2045; net-zero B2030, respectively.

A prominent feature of post-net-zero simulations is the continued warming of the Southern Ocean and
deep ocean, even though surface temperatures in the Northern Hemisphere stabilise or decrease (Fig.5 and
Supplementary Figs. S5 and S6). This delayed Southern Hemispheric warming leads to a reduction in the
inter-hemispheric temperature gradient and is accompanied by a sustained net-equatorward shift of the ITCZ
and South Pacific Convergence Zone (SPCZ) (Fig.6; Supplementary Fig.7a,b). Coherent changes in mean
sea-level pressure (MSLP) and surface winds (Supplementary Fig. 8) indicate hemispherically asymmetric
changes in the position and strength of subtropical high-pressure systems under transient warming and post
net-zero. Previous studies have shown that these changes are associated with cross-equatorial flow, due to the
south—north thermal contrast driven by Southern Ocean heat uptake [57, 58].

In addition to the persistent ocean warming, we also find a regime shift in tropical Pacific convergence
zones under post-net-zero conditions. During transient warming, the convergence zones shift equatorward,
leading to an increase in the tropical Pacific convective area (Fig.6h) and the SST threshold for convection
increases (Supplementary Fig.7c). As a result, the eastern equatorial Pacific remains closer to deep convection,
relative to a pre-industrial climate, lowering the effective threshold for strong El Nifio events. These changes
persist after emissions cease, and are particularly strong in the B2060 branching run. An equatorward
migration of convergence zones has previously been shown to be associated with enhanced eastern Pacific
variability in past warmer climates [52]. Such shifts have also been shown to persist under CO, removal
scenarios because of continued deep-ocean and Southern Ocean warming [36, 47, 59]. Our results support
the evidence that CO, mitigation does not guarantee a recovery of tropical convection patterns. We also
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Figure 6. Persistent changes in tropical Pacific rainfall belts and convective area in ACCESS-ESM1-5 net-zero runs. a, b,
Precipitation anomaly under transient warming, compared to historical, during 2045-2075 (a) and changes in precipitation anomaly
post net-zero, compared to transient warming in the branching run B2060 compared to transient warming (b). The gray contour
represents the 150 mm/month precipitation contour from the historical run during 1850-1900. ¢, d and e, f Same as a, b but for the
transient warming period 2030-2060; net-zero B2045 and the transient warming period 2015-2045; net-zero B2030, respectively.
Stippling represents the grid points where the post net-zero changes are statistically insignificant (see Methods). The changes post
net-zero are calculated as the difference between net-zero and transient patterns. g, Evolution of the location of the convergence
zones, ITCZ and SPCZ relative to the equator (see Methods), during historical and transient warming (black) and under net-zero
branching runs: B2030 (gold), B2045 (red) and B2060 (maroon). h, Same as g but for changes in the mean convective area in the
tropical Pacific rainfall belt. The gray line in g and h represents the relative location and mean convective area respectively, in
the piControl experiment. The thin black line is the piControl average across time and model ensemble, while the grey shading
represents the 10th—90th percentile range.

detect persistent rainfall changes over East Asia and Australia linked to an El Nifio-like mean state and a
northward-displaced SPCZ, although a more detailed hydroclimatic assessment is warranted for future studies.
These findings are consistent with studies demonstrating that tropical and extratropical rainfall responses can
be modulated by Southern Ocean warming [60, 61].

Consistent with the hemispheric asymmetric warming, Southern Hemisphere zonal trade wind stress
weakens and remain suppressed after net-zero, while Northern Hemisphere zonal trade wind stress partially
recovers (Fig.7a—f). We find that near-surface wind anomalies are dynamically coupled to basin-scale
asymmetric sea level pressure changes (Supplementary Fig.8). The net effect is sustained weakening of
the easterlies over the Nifio3 region (Fig. 7g), which reinforces an El Nifo-like background state. These
circulation adjustments align with prior studies linking Southern Ocean heat uptake and interhemispheric
gradient changes to tropical wind and SST changes [30, 62—64]. Previous studies have highlighted the
importance of Southern Ocean heat uptake efficiency in strengthening the ZTG in slab ocean models
[19, 27, 29, 65]. Watanabe et al.[14] hypothesised that this relationship could reverse in future warming
scenarios, and our results corroborate this reversal under sustained deep-ocean heat storage.
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Figure 7. Changes in surface zonal wind stress and tropical Pacific zonal wind stress-SST feedback under transient warming
and post net-zero in ACCESS-ESM1-5 net-zero runs. a, b, Surface zonal wind stress anomaly under transient warming, compared
to historical, during 2045-2075 (a) and changes in zonal wind stress anomaly post net-zero in the branching run B2060 compared
to transient warming (b). The solid (dashed) gray contours represent the positive (negative) values from the historical run during
1850-1900. ¢, d and e, f Same as a, b but for transient warming period 2030-2060; net-zero B2045 and transient warming
period 2015-2045; net-zero B2030, respectively. Stippling represents those points where the post net-zero changes are statistically
insignificant (see Methods). g, Evolution of zonal wind stress in the central Pacific (Nifio3.4 region), during historical and transient
warming (black) and under net-zero branching runs: B2030 (gold), B2045 (red) and B2060 (maroon). h, Same as g but for changes
in the zonal wind stress-SST feedback in the Nifio3 region (see Methods). The thin black line in panels g and h represents the
1850-1900 average, while the grey shading represents the 10th-90th percentile range.

During transient warming, rapid surface warming combined with slower deep-ocean equilibration flattens
the 20°C isotherm (Z20) slope, through shoaling in the west and deepening in the east (Fig.8a,c,e,g). Post
net-zero, the surface temperatures cool slightly, while the subsurface warms on slower timescales causing
the Z20 slope to remain weakened (Fig.8b,d,f,g). We find hemispherically asymmetric changes in the Indo-
Pacific shallow overturning Subtropical Cells (STCs; Supplementary Fig.9), consistent with the asymmetric
changes in mid-latitude MSLP. Under transient warming, the subtropical ridge strengthens (weakens) over the
Southern (Northern) Pacific Ocean (Supplementary Fig8a,c,e) which drives Ekman pumping (suction) thereby
enhancing (reducing) downwelling and strengthening (weakening) the Southern (Northern) Hemispheric
STC (Supplementary Fig.9a,c.e). Post net-zero, anomalously low MSLP develops over the Southern Pacific
Ocean with cyclonic winds (vectors in Supplementary Fig.8b,d,f) which drive anomalous Ekman suction
and weaken the Southern Hemispheric STC, while the Northern Hemispheric STC recovers. The persistent
slowdown of STCs reduces the upwelling of cold water, keeping the surface ocean warm, while the sustained
subsurface warming keeps upwelled waters in the eastern Pacific relatively warm and inhibits recovery of
ZTG. Even after radiative forcing stabilises, ocean thermal inertia maintains a weakened zonal gradient.

To understand how these structural shifts affect variability, we analysed wind and thermocline feedbacks
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Figure 8. Long-term subsurface ocean temperature, thermocline slope and thermocline feedback changes in the equatorial
Pacific in ACCESS-ESM1-5 net-zero runs. a, b, Tropical Pacific subsurface ocean potential temperature anomaly, averaged
between 5°S and 5°N, under transient warming, compared to historical, during 2045-2075 (a) and changes in temperature anomaly
post net-zero in the branching run B2060 compared to transient warming (b). The gray contours represent the temperature values
from the historical run during 1850-1900. ¢, d and e, f Same as a, b but for transient warming period 2030-2060; net-zero B2045
and transient warming period 2015-2045; net-zero B2030, respectively. Stippling represents those points where the post net-zero
changes are statistically insignificant (see Methods). g, Evolution of 20°C isotherm slope calculated as the gradient of the 20°C
isotherm between the west and east equatorial Pacific (see Methods), during historical and transient warming (black) and under
net-zero branching runs: B2030 (gold), B2045 (red) and B2060 (maroon). h, Same as g but for changes in the SST-thermocline
feedback in the Nifio3 region (see Methods). The thin black line in panels g and h represents the 1850-1900 average, while the grey
shading represents the 10th-90th percentile range.

using a linear regression analysis (see Methods) across transient and stabilisation scenarios. During transient
warming, the wind—SST feedback strengthens (Fig. 7h), indicating an enhanced atmospheric response to
Pacific SST anomalies. However, this increase is not statistically significant after emission cessation even
in the delayed branching run (B2060), with the changes being well within the range of values that occur in
the 1850-1900 baseline (gray shading in Fig.7h). This suggests that atmospheric coupling adjusts relatively
quickly once the increase in radiative forcing ceases.

In contrast, oceanic feedbacks exhibit a more robust and persistent intensification on longer stabilisation
timescales. The thermocline-SST feedback strengthens under greenhouse warming and remains elevated after
net-zero (Fig.8h), implying increased sensitivity of eastern Pacific SST anomalies to subsurface anomalies.
Wind-thermocline coupling also intensifies and persists post net-zero: for a given wind stress anomaly, the
zonal thermocline slope (west—east Z20 gradient) exhibits a larger response, reflected in a more negative
regression coefficient (Supplementary Fig.7d). This indicates more efficient dynamical tilting of the thermo-
cline and a strengthened thermocline feedback on longer timescales. The weakening in thermocline tilt is
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more pronounced in the delayed-cessation pathway (B2060) and weaker in earlier-branching scenarios such
as B2030, highlighting again the importance of early mitigation.

Conclusion

Here, we have examined how tropical Pacific changes post net-zero can be very different from the transient
climate we are accustomed to. Our results demonstrate that delayed emission cessation substantially increases
the persistence of an El Nino-like mean state, elevated ENSO amplitude on centennial timescales and
persistent changes in tropical convection patterns. Deep-ocean heat storage and hemispheric asymmetry can
reorganise atmospheric—oceanic coupling in ways that persist for centuries. While atmospheric feedback
changes are more pronounced on transient timescales, structural modifications of the upper ocean can
persist for centuries. Wind anomalies more effectively tilt the thermocline, and thermocline anomalies more
effectively generate SST anomalies. These changes, combined with a persistently weakened ZTG favour
enhanced eastern Pacific convection [7, 15, 59], lead to amplified ENSO variability even after emissions
cease [66]. Net-zero stabilisation thus represents a clear regime shift in ENSO dynamics, rather than a simple
reversal of transient warming.

At the same time, we find clear benefits of early mitigation: earlier stabilisation pathways limit the
magnitude and persistence of oceanic feedback strengthening, reducing the risk of long-lived regime shifts.
Delaying net-zero markedly increases the frequency of extreme El Nifio events—comparable to 1997/1998
or 2015/2016—over subsequent centuries. We use a single ESM large ensemble in our study, which helps
us to assess confidence in the forced response versus internal variability [13, 40], but this does not provide
any indication of model uncertainty. Model uncertainties in future changes of both tropical and extratropical
processes could influence the extent of tropical Pacific changes post emission cessation. Longer net-zero
simulations across multiple models are therefore needed to better understand and communicate systematic
changes in post net-zero circulation [67, 68]. In addition, we only consider the impact of CO, emission
cessation. Changes in other greenhouse gases (GHGs) and even non-GHG regional emissions, like aerosols,
can also have an impact on the tropical Pacific climate [14, 25], which needs to be explored in future studies.
Further research exploring the implications of these ENSO and mean state shifts on post net-zero weather
and teleconnections is sorely needed for more informed decision-making aligned with the Paris Agreement.

Methods

ZECMIP Archive

The ZECMIP experimental protocol was designed to constrain the value of the zero emissions commitment
(ZEC,; see Supplementary Fig.5a), the global temperature change after CO, emission cessation [44, 69].
We used simulations from the tier-1 type A experiment branching off from the 1pctCO, experiment, In the
1pctCO; run, the climate warms with a prescribed atmospheric CO» increase of 1% per year for 140 years.
There are three type A experiments, branching off after cumulative emissions of 750 PgC (brch-750PgC),
1000PgC (brch-1000PgC) and 2000PgC (brch-2000PgC), respectively. We used nine ESMs that submitted
results using the brch-1000PgC simulation protocol: ACCESS-ESM1-5, CanESMS5, CESM2, GFDL-ESM4,
GISS-E2-1-G-CC, MIROC-ES2L, MPI-ESM1-2-LR, NorESM2-LM and UKESM1-0-LL. Out of these
nine ESMs, only three models: ACCESS-ESM1-5, MIROC-ES2L and UKESM1-0-LL completed all three
branching experiments.
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At the branching point, the emissions are set to zero and the climate is allowed to evolve freely, with the
interactive carbon cycle activated to allow carbon to be exchanged between the Earth system components.
In these runs, only CO, emissions are set to zero and all other forcings, such as non-CO, GHGs and
aerosols, remain at prescribed preindustrial levels. We used the piControl experiment of each of these models
for comparing the changes under transient forcing and post emission cessation changes. The piControl
experiment uses constant external forcing to isolate natural internal climate variability. All ZECMIP model
experiments provided monthly temperature (¢s) and precipitation (pr) outputs; however, we resampled the
data to July-June averages as we were interested in analysing the changes on ENSO-event relevant time
scales (multi-decadal to centennial).

Post emission cessation regional temperature changes in ZECMIP models under the brch-1000PgC
experiment point to a clear north-south asymmetry [69] with the Southern Ocean warming and the Arctic and
Northern Hemisphere cooling over both land and ocean as shown in the multimodel mean (MMM) change
in Supplementary Fig.5b. But, there are some inter-model differences, as highlighted in Supplementary
Fig.5c. Also, different changes are identified for the three models that ran the higher and lower branching
runs. ACCESS-ESM1-5 and UKESM1-0-LL show a warming across all regions in the high branching run
(brch-2000PgC), unlike MIROC-ES2L.,, which shows a more consistent warming pattern across different
branching runs (Supplementary Fig.6). These differences across models could be due to their equilibrium
climate sensitivity, but the shorter runs also mean that we cannot make statistically robust remarks about the
inter-model uncertainties.

ACCESS-ESM1-5 1000-year long net-zero runs

ACCESS-ESM-1-5 is the Australian ESM that participated in the sixth phase of CMIP. Its configurations
and basic model evaluation are outlined in the model description paper by Ziehn et al.[70]. The framework
that motivates these long net-zero branching runs [40] is inherently different from that of the ZECMIP
protocol. The net-zero runs were designed to analyse the implications of long-term climate stabilisation at
different global warming levels, and consequently the implications of a delay in achieving net-zero CO,
emissions. This provides a useful framework for policymakers to better understand the consequences of the
Paris Agreement for the coming generations and beyond.

The net-zero runs are based on emissions-driven simulations with a fully interactive carbon cycle,
branching from the esm-ssp5-8.5 scenario at seven different years ranging from 2030 to 2060 in five-year
intervals. At the branching points, CO, emissions were set to zero, while aerosols and non-CO, GHGs were
set back to pre-industrial (1850) levels. Following the emission cessation, the climate was allowed to freely
evolve for 1000 years. An overview of the global average, regional and systematic changes in the Earth
system using these runs was carried out by King et al. [43].

In our study, we compare the net-zero branching runs with the piControl run and the 40-member
concentration-driven large ensemble (SSP5-8.5) for a robust statistical comparison. Similar to the ZECMIP
outputs, the ACCESS-ESM1-5 net-zero simulation outputs are available on a monthly frequency; but, we
resampled the data to July-June averages. We use the following variables in this study: surface temperature
(ts), precipitation (pr), ocean potential temperature (thetao; 8), ocean meridional stream function at depth
(msftmz; y), mean sea level pressure (psl; MSLP) zonal and meridional winds at surface (uas and vas,
respectively) and zonal wind stress (tauu; T)).

As highlighted in previous studies [40, 43], these runs provide an idealised net-zero scenario with abrupt
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emission cessation, but they present a useful framework for informing policymaking [34, 67].

ENSO characteristics

In this study, we investigate changes in three key ENSO characteristics: ENSO amplitude, ZTG and extreme
El Nifio events. For ENSO amplitude analysis, we first compute the Nifio3 index in each of the runs as the
detrended SST anomaly in the Nifio3 region (5°S-5°N; 150°W=90°W). The detrending is carried out by
subtracting the 15-year rolling window average from the time series. Following this, the ENSO amplitude is
calculated as the 30-year rolling standard deviation of the detrended Nifio3 index. For robust multimodel
comparison in the ZECMIP analysis, instead of using each models’ ENSO amplitude, we compute the ENSO
amplitude anomaly as the percentage change of ENSO amplitude compared to the piControl average in each
individual model. This ensures that forced changes in ENSO amplitude in the models are not obfuscated by
the model differences in the piControl baseline. For the time series and distributions plot, we use the median
as the central tendency, and 10th—90th percentile range as the uncertainty/error bar range.

ZTG is calculated by first taking the difference in SST between west (5°S—5°N; 140°E-170°E) and east
equatorial Pacific (5°S—5°N; 170°W-90°W) and then taking a 30—year rolling average to remove the influence
of decadal-scale variability. Our results are not sensitive to the choice of the boxes for ZTG calculation,
and are similar to the changes outlined in other studies using different regions [14, 15]. For the multimodel
ZECMIP analysis, we use the ZTG anomaly (with respect to the piControl average), instead of ZTG to allow
for a fair comparison across models as the mean state value of ZTG differs across models.

To distinguish between strong and extreme El Nifio events, we follow the framework of Cai et al.[45],
which links extreme events to changes in the meridional SST gradient (MTG) and associated rainfall shifts.
MTG is calculated as the difference between SST anomalies in the Nifio3 region from a region to its north
(5°N-10°N; 150°W-90°W). This metric captures the meridional temperature difference that drives southward
shifts of the ITCZ during extreme events.

The years in which the Nifio3 index time series exceeds one standard deviation of the piControl Nifio3
index are classified as El Niflo events in all runs. For strong events, we increase the threshold to 1.5 times the
standard deviation of the piControl Nifio3 index, and for extreme El Nifio events we add another criterion of
July-June average precipitation exceedance above 150 mm/month in the Nifio3 region. Strong and extreme
El Nifio events thus correspond to those events that fall at the tail end of the MTG-precipitation relationship,
indicative of a southward shift of the ITCZ along with enhanced temperature and rainfall variability in eastern
equatorial Pacific. To enable comparison across simulations of different lengths, we express the events as a
percentage of the total sample size. For the multimodel analysis, the sample size equals the total years in each
model multiplied by the eight models used for this analysis (excluding GFDL-ESM4 model since pr variable
was not available). In the single model large ensemble, the total sample size is determined by the number of
years in the piControl and net-zero branching runs (i.e. n = 999). But, in the transient run, the sample size is
the 30-years used for the analysis multiplied by 40, i.e. the number of ensemble members, (giving, n = 1200)

Spatial changes and statistical significance analysis

For spatial anomaly maps, we compute the changes under transient warming as anomalies compared to
1850-1900 historical baseline, shown by the grey contours. The transient warming anomalies are calculated
in 30—year epochs centred at the year at which the net-zero branching occurs. The anomalies are then
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averaged across the 40-member ensemble, except in Fig.5, where we only use a single ensemble member for
the deep ocean anomalies due to computational and storage constraints. The regions chosen for the zonal
and meridional cross-sections are adapted from Cai et al. [71]. The post net-zero changes are calculated as
the difference between the average anomalies during the last 900 years (year 100 to 1000) in the net-zero
branching runs and the 30—year baseline under transient warming centred at the year of branching.

To calculate the statistical significance of the changes post emission cessation, we create thirty random,
non-overlapping 30-year pseudo ensembles using the net-zero branching runs from the last 900 years of each
run. Then we compare the distribution of the pseudo-ensembles with the 40 ensemble member distribution in
the SSP5-8.5 scenario using the non-parametric Mann-Whitney U test, at each grid point. Those grid points at
which the two distributions are not found to be statistically different at the 95% confidence level are stippled.

Location of Convergence zones, convective area and SST threshold for convection

We choose the regions 0°-20°N, 130°E-80°W; and 20°S-0°, 130°E-140°W for calculating the location and
displacement in tropical Pacific ITCZ and SPCZ, respectively, to avoid the double ITCZ bias in the southeast
Pacific from obfuscating the analysis. Following the methodology outlined by Pontes et al. [52], we compute
the ITCZ and SPCZ locations at each time step as the precipitation-weighted average over latitudes in which
precipitation is greater than the maximum zonally averaged precipitation in each hemisphere. This captures
the location of the ITCZ (D;rcz) and the SPCZ (Dspcz) independently. Then we compute the location of the

convergence zones relative to the equator as

Dyet = ||Drrcz| + |Dspcz|| (D

A decreasing trend in the value of D represents a net equatorward migration of both the convergence
zones, while an increasing trend represents a net poleward migration.

We define the mean convective area in the tropical Pacific at any given time-step as the total area enclosed
by the grid points within the region 20°S—20°N; 100°E-60°W, where the precipitation rate exceeds the
threshold of 150 mm/month. The SST threshold for convection is defined as minimum SST in the same

region, where the July-June average precipitation rate exceeds 150 mm/month.

ENSO feedback analysis

To quantify changes in ENSO dynamics under both transient warming and post-net-zero stabilisation, we
diagnose key components of the Bjerknes feedback using linear regression analysis [72—75].

We first calculate the anomalies for all variables based on a tropical year( July—June), which are then
detrended by subtracting a 15—year window rolling average from the time-series. For rolling diagnostics,
we further subtract the mean within each window to isolate variability from residual low-frequency forcing.
Regression slopes are computed using ordinary least squares temporal regression. To ensure robustness,
regressions are calculated only when sufficient data coverage is available: windows with fewer than 70%
valid (non-missing) values are excluded. This avoids artefacts arising from temporal gaps in the data.
Extended periods of missing data are excluded from the analysis and do not contribute to regression
estimates. To compare the data across both transient and stabilised climates with differing variance, regression
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coefficients are expressed by multiplying the dimensional slope by the standard deviation of the independent
variable within the same analysis window, yielding a response per one standard deviation of forcing. This
approach follows established ENSO feedback analysis in both CMIP-class models and idealised frameworks
[72, 74, 75].

Wind-SST (atmospheric) feedback The atmospheric feedback component of the Bjerknes feedback
was quantified as the regression of zonal wind stress anomalies onto SST anomalies:

T =aTl 2)

X

where T’ denotes the eastern Pacific Nifio3 SST anomalies and 7, represents the zonal wind stress
anomalies averaged over the central Pacific Nifio3.4 region (5°S—5°N; 170°W—120°W). The central Pacific
is chosen to capture the region of strongest atmospheric coupling to SST anomalies and convective shifts
during ENSO events [50, 74]. The resulting regression coefficient o represents the sensitivity of zonal wind
stress to eastern Pacific SST anomalies and provides a measure of the atmospheric feedback strength.

Thermocline-SST (oceanic) feedback The oceanic vertical feedback was quantified by regressing Nifio3
SST anomalies onto thermocline depth anomalies:

T' = Bi 3)

where /' is the 20°C isotherm depth (Z20) anomaly averaged over the Nifio3 region. The regression
coefficient B represents the sensitivity of eastern Pacific SST anomalies to subsurface thermocline variations
and reflects the strength of upwelling mediated coupling between subsurface heat content and surface
temperature.

Wind-thermocline coupling The dynamical coupling between zonal wind stress and zonal thermocline
tilt is diagnosed as:

Ay g = 1%, )

where 7, is the zonal wind stress anomaly averaged over the Nifio3.4 region, and Ahy, _, denotes the zonal
thermocline slope anomaly, defined as the difference between western Pacific Z20 (5°S-5°N; 140°E-170°E)
and eastern Pacific Z20 (5°S-5°N; 170°W-90°W) in the upper 300 meters. The west—east contrast captures
the large-scale tilting of the equatorial thermocline associated with wind-driven Kelvin and Rossby wave
adjustment [72, 74]. A more negative regression coefficient indicates stronger dynamical tilting for a given
wind stress anomaly.

Data availability All simulations are available on the Australian node of the Earth System Grid Federation.
The historical, piControl, 1pctCO2, ZECMIP tier 1 branching simulations, as well as ACCESS-ESM1-5
piControl, historical and SSP5-8.5 simulations are available here: https://metagrid.esgf-west.org/search/
cmip6. The bespoke ACCESS net-zero runs will be made available once final revisions are made.
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Code availability Analysis code required to reproduce the results of this study is available at https://
github.com/adisen99/net_zero_enso_pacific_changes, archived on Zenodo at https://doi.org/10.5281/zenodo.
19336686 (ref.[76]).
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