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El Nifno-Southern Oscillation (ENSO) is the strongest interannual climate variability with far-reaching socioeco- Commons Attribution

nomic consequences. Many studies have investigated ENSO-projected changes under future greenhouse
warming, but its responses to plausible mitigation behaviors remain unknown. We show that ENSO sea
surface temperature (SST) variability and associated global teleconnection patterns exhibit strong hysteretic
responses to carbon dioxide (CO,) reduction based on the 28-member ensemble simulations of the CESM1.2
model under an idealized CO, ramp-up and ramp-down scenario. There is a substantial increase in the ensem-
ble-averaged eastern Pacific SST anomaly variance during the ramp-down period compared to the ramp-up
period. Such ENSO hysteresis is mainly attributed to the hysteretic response of the tropical Pacific Intertropical
Convergence Zone meridional position to CO, removal and is further supported by several selected single-
member Coupled Model Intercomparison Project Phase 6 (CMIP6) model simulations. The presence of ENSO
hysteresis leads to its amplified and prolonged impact in a warming climate, depending on the details of
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future mitigation pathways.

INTRODUCTION

Human-induced greenhouse gas emissions, primarily in the form of
carbon dioxide (CO,), have led to an unprecedented rate of
warming in the Earth's climate, raising serious concerns about
emerging and impending climate change risks (1). One of these
risks is climate hysteresis, which refers to the delayed responses of
the Earth'’s climate system on multigenerational human scales when
external forcing is restored to baseline levels. In other words, the
climate system could evolve to completely different states at the
same level of radiative forcing, but at different stages of the
pathway (i.e., ramp-up versus ramp-down). Various idealized mod-
eling experiments have been conducted with different approaches to
perturbing or removing the transient CO, forcing (2-5). Several key
climate elements, such as global mean surface temperature and pre-
cipitation (5-8), sea level (3), the Antarctic ice sheet (9), the Atlantic
Meridional Overturning Circulation (AMOC) (5), and the Inter-
tropical Convergence Zone (ITCZ) (10-12), all exhibit different
degrees of hysteresis behavior. The inertial effects induced by
slow ocean circulation adjustment processes are thought to be
one of the main reasons (8).
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The El Nifio—Southern Oscillation (ENSO) is a natural phenom-
enon characterized by irregular interannual swings between warm
(ElI Nifo) and cold (La Nifa) conditions over the central-to-eastern
equatorial Pacific region (13, 14). The concomitant changes in at-
mospheric winds and deep convection not only excite both positive
and negative ocean-atmosphere feedbacks that promote the rapid
growth and phase transition of ENSO but also effectively trigger cli-
matic teleconnections that spread its influence across the globe (15—
17). Hence, ENSO is a dominant mode of climate variability and
provides a leading source of forecasting information for seasonal
climate prediction (I18). Strong changes in the properties of ENSO
can therefore have serious socioeconomic consequences (19, 20).

The stability and characteristics of ENSO are strongly controlled
by the background mean state (21), which is continuously changing
under anthropogenic global warming. Various aspects of ENSO
characteristics, such as intensity (22), asymmetry (23), duration
(24), spatial pattern (25), frequency (26, 27), and teleconnections
(28), are all projected to change in a warming climate, albeit with
varying degrees of confidence in the presence of noise interference,
scenario-based uncertainties, process representation, and model
biases (29-33). In particular, there is a high intermodel consistency
that El Nino—associated tropical Pacific precipitation will become
more intense and farther east under a transient CO,-increase sce-
nario (34, 35). Such projected changes become pronounced
further as CO, stabilizes (36), suggesting the possibility of hystere-
sis. Nevertheless, future changes in ENSO sea surface temperature
(SST) variability show less consensus and depend heavily on
models, scenarios, and/or even the length of the analysis
periods (29).

In contrast to the projected ENSO changes under global
warming, which have been extensively studied, the response of
ENSO to CO,-reduction scenarios has hitherto received less atten-
tion. A comprehensive understanding of this topic will provide a
reference for future ENSO changes under plausible mitigation path-
ways and shed light on the uncertain ENSO SST changes in
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transient warming scenarios by comparing ENSO responses
between the CO, ramp-up and ramp-down phases. A previous
study (37) suggests that ENSO SST variability exhibits a hysteresis
amplification to CO, reduction due to the delayed El Nino-like
background warming. However, the detailed physical link is not
well established in this study and thus deserves further investigation.

For our investigation, we conduct an idealized CO, ramp-up and
ramp-down experiment with 28 ensemble members (see Materials
and Methods) using the Community Earth System Model version
1.2 (CESM1.2) (38), which provides a realistic simulation of
ENSO dynamics. The selected single-member Coupled Model In-
tercomparison Project Phase 6 (CMIP6) models (39) with high fi-
delity in representing nonlinear features of the eastern Pacific ENSO
SST under similar experimental CO, ramp-up and ramp-down sce-
narios but slightly different initial CO, concentration levels (see
Materials and Methods) are also analyzed to ensure robust results.

RESULTS

Hysteresis of ENSO SST variability and related air-sea
coupling processes

We first examine the ENSO representation in the CESM1.2 model,
which is the basis for the credible futuristic projection of ENSO. The
variance (Fig. 1C) and skewness (fig. S1C) of the equatorial Pacific
SST anomaly in the present-day (PD) control simulation, which
largely encapsulates the physical processes of ENSO, are very
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Fig. 1. Hysteresis of ENSO SST variability. CESM1.2 ensemble-averaged SST
anomaly variance [unit: (°0)4 in the equatorial (5°S to 5°N) Pacific [(A), shading]
and equatorial eastern Pacific [(B), red line] relative to the present-day control sim-
ulation [(C), shading and contours]. The black solid line and blue line represent the
CO, concentration and ensemble-averaged global mean surface temperature
(GMST), respectively. The shading in (B) represents two intermember SDs spread
of related physical quantities. Vertical dashed lines in (A) indicate the eastern (90°W
to 145°W) and central Pacific (160°E to 145°W) regions, respectively. Horizontal
dashed lines indicate different stages of CO, forcing. The A symbol indicates the
ensemble-averaged change relative to the control simulation ensemble average.
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similar to the observations (fig. S1, A and B), suggesting that this
model provides a realistic simulation of ENSO. Based on this, the
ENSO SST variability exhibits a prominent hysteresis response to
CO, ramp-up and ramp-down (Fig. 1A). There is a moderate and
nonmonotonic increase in the ensemble mean eastern Pacific SST
variance during the CO, ramp-up period (for the years 2001-2140).
The superimposed ensemble spread renders the increased variance
indistinguishable from zero due to strong internal variability
(Fig. 1B). These results are consistent with previous multimodel en-
semble findings (40), suggesting that forced ENSO SST responses
exist in a transient warming scenario, but are relatively difficult
to detect.

Counterintuitively, ENSO activity shows exaggerated hysteretic
changes when the CO, forcing is reduced (for the years 2141—
2280). There is a strong increase in ENSO intensity in the eastern
Pacific that is centered around the middle of the ramp-down period
(the year 2210), along with a slightly weakened signal in the central
Pacific immediately after the peak of the CO, forcing (Fig. 1A). In
particular, under the same condition of a double CO, concentration
compared to the PD level, the eastern Pacific SST anomaly variance
increases by ~50% in the year 2210, but only by ~15% in the year
2070. Such strong hysteresis character of ENSO SST variability is
distinct from the thermal inertia-induced hysteresis of global
mean surface temperature, which closely follows the CO, forcing
trajectory during the ramp-up period and lags slightly behind the
CO, forcing by ~10 years during the ramp-down period (Fig. 1B).
This implies that the ENSO hysteresis cannot be explained by ther-
modynamic processes alone. When the CO, concentration further
decreases to its PD level (in the years 2281-2500), ENSO activity
quickly returns to normal conditions, indicating a possibility that
ENSO-related climate change can be reversed (Fig. 1, A and B).

Changes in ENSO SST variability are closely related to the time-
varying strength of the equatorial air-sea coupling, which can be de-
composed into several competing feedbacks using an ocean mixed-
layer heat budget analysis (see Materials and Methods). Here, we
separate the responses of El Nifo and La Nifa by considering
their asymmetric dynamics and find that changes in the tropical
air-sea coupling hysteresis occur mainly during the El Nifo
phase. Specifically, El Nifio precipitation continuously increases
and moves eastward until about the middle of the ramp-down
period (the year 2210), showing a pronounced hysteresis feature
(Fig. 2A). However, La Nina-related precipitation over the
central-eastern equatorial Pacific is roughly symmetric with the
CO, pathway and thus shows weak hysteresis changes (fig. S2A).
Correspondingly, El Nino-related feedback changes show more
pronounced hysteresis behavior than those during La Nifa (fig.
S3). The dominance of El Nifio changes is also evidenced by a
similar hysteresis feature in its frequency (fig. S2B), while La Nifna
frequency shows uncertain responses (fig. S2C).

Physically, there are similar hysteresis changes in strengthened
and eastward-propagating anomalous zonal surface wind stress
due to El Nifo precipitation changes (Fig. 2A). Such wind strength
and structural changes enhance the eastern Pacific thermocline re-
sponses and the resultant thermocline feedback (TH) by increasing
the zonal-mean momentum flux input (Fig. 2A) and enhancing the
wind-thermocline sensitivity (fig. S4A), respectively. Other TH-
related parameters, including mean upwelling (fig. S4D) and ther-
mocline-induced subsurface ocean temperature change (fig. S4B),
exhibit unfavorable and weak hysteresis changes in the eastern
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Fig. 2. Changes in El Nifio—coupled processes. (A) CESM1.2 ensemble-averaged Hovmoéller diagrams of El Nifio precipitation (unit: mm/day, shading) and surface zonal
wind stress (unit: 0.01 N/m? contours). (B) El Nifio eastern Pacific SST anomaly growth rate changes (unit: °C/year) and different feedback contributions during the ramp-
up (green) and ramp-down (red) period. TH, ADV, Qe DD, and NDH represent thermocline feedback, advective feedback, surface net heat flux, dynamical damping, and
nonlinear dynamical heating, respectively. Vertical dashed lines in (A) indicate the eastern (90°W to 145°W) and central Pacific (160°E to 145°W) regions, respectively.
Horizontal dashed lines in (A) indicate different stages of CO, forcing. The A symbol in (B) indicates the ensemble-averaged change relative to the control simulation
ensemble average. Error bar lines in (B) represent two intermember SDs spread estimated among 31-year moving windows.

Pacific, respectively, and are thus less important. Because of a stron-
ger wind-driven surface zonal current (fig. S4C), the advective feed-
back (ADV) (Fig. 2B) dominated by its zonal component also gets
amplified (fig. S5). Although increased central Pacific vertical strat-
ification (fig. S6) may also enhance the upper-ocean responses to
wind forcing (22) and contribute to the ENSO variability hysteresis,
its peak timing (~2160) is much earlier than those (~2210) of ENSO
SST variance (Fig. 1, A and B) and wind-thermocline sensitivity
(fig. S4A), suggesting its secondary role in determining the key hys-
teresis feature of ENSO. Meanwhile, the net heat flux (Qpe) and
nonlinear dynamical heating (NDH) terms that damp EI Nifio
SST growth also get enhanced during the ramp-down period
(Fig. 2B and fig. S3, C and E), while the dynamical damping
(DD) term is overall negligible in the eastern Pacific (Fig. 2B and
fig. S3D). All these feedback processes collectively produce a
small yet positive growth rate of the eastern Pacific SST anomaly
(Fig. 2B), thus favoring the enhancement of local SST variability.
We also examined the unresolved physical processes represented
by the heat budget residual and found that it plays a negligible
role (fig. S3F).

Mechanism of ENSO hysteresis

The strengthening and eastward-moving air-sea coupling center is
particularly important for characteristic changes in El Nifio. This
may be subject to changes in the background state. In response to
the CO, forcing, the eastern equatorial Pacific experiences an El
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Nifio-like mean state change, with its maximum magnitude
delayed by about two decades after the CO, peak due to the
thermal inertia of the tropical Pacific (fig. S4, E and F). Although
such background SST warming thermodynamically enhances the
equatorial SST precipitation sensitivity to some extent (34, 35), its
peak timing (approximately the year 2160) is earlier than that of the
ENSO characteristic (the year 2210), indicating indispensable roles
played by other processes. In addition to the equatorial dynamics in
the zonal direction, meridional physical processes, usually associat-
ed with the ITCZ, also play an important role in ENSO development
and characteristic changes (41, 42). Using a precipitation centroid
index (see Materials and Methods), we find that the meridional po-
sition of the ITCZ shares the similar hysteresis feature of peak
timing (Fig. 3A) with the EI Nifio characteristic changes, suggesting
that they are physically linked.

The equatorial central-to-eastern Pacific region becomes wetter,
while the subtropical regions in both hemispheres become drier
during the ramp-up period (Fig. 3D), closely following the
“warmer-get-wetter” paradigm (43). Because of a more severe pre-
cipitation deficit in the Northern Hemisphere, the Pacific ITCZ
centroid as a whole slowly moves southward (Fig. 3A). Such ITCZ
changes are particularly evident around the CO, peak phase
(Fig. 3C). In particular, there is an eastward expansion of the
South Pacific Convergence Zone (SPCZ) due to strong moistening
of the near-equatorial central Pacific (Fig. 3C), which coincides with
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Fig. 3. Role of ITCZ hysteresis. (A) CESM1.2 ensemble-averaged centroid (unit: degrees latitude) of tropical Pacific (120°E to 80°W, 20°S to 20°N) zonal mean annual
precipitation (blue line). Blue shading represents the two intermember SDs spread. (B to D) Background mean precipitation (unit: mm/day, red contours) and their relative
changes to the CESM1.2 control simulation (shading) within a 31-year window centered at the middle of the ramp-down period (B), CO, peak phase (C), and the middle of
the ramp-up period (D). Gray contours represent long-term mean precipitation in the control simulation. (E to G) CESM1.2 ensemble-averaged January-February-March
mean SST (unit: °C, shading), precipitation (unit: mm/day, contours), and surface wind stress (unit: N/m?, vector) anomalies regressed onto subsequent December-
January-February mean El Nifo SST index (180°W to 90°W, 5°S to 5°N) at the middle of the ramp-down period (E), CO, peak phase (F), and the middle of the ramp-

up period (G).

a local increase in simultaneous SST precipitation sensitiv-
ity (Fig. 2A).

Two to three decades after the turning point of the CO, forcing,
rainfall in both equatorial and subtropical northeast Pacific begins
to recover, exhibiting weak to moderate hysteresis behavior (fig. S7).
Rainfall in the subtropical southeast Pacific rebounds immediately
after the CO, peak at more than twice the rate of the ramp-up period
(fig. S7B). This contrasting interhemispheric precipitation recovery
rate further accelerates the southward migration of the ITCZ and
eventually brings the ITCZ centroid to the equator in 2210
(Fig. 3A). Spatially, the equatorial precipitation centroid represents
an interhemispheric symmetric ITCZ structure and a more east-
ward-extended SPCZ than the CO, peak phase (Fig. 3B). The ex-
panding SPCZ further favors El Nifio occurrence by increasing
the sensitivity of the eastern Pacific atmosphere to El Nifio precur-
sors during its early stages (Fig. 3, E to G). Equatorial positive feed-
back processes amplify these disturbances and eventually promote
an eastward shift of the El Nifo action center. Such ITCZ hysteresis
is less affected when the ENSO rectification effect on mean precip-
itation changes is excluded (fig. S8). A previous study suggests that
the ITCZ hysteresis is primarily due to an interhemispheric energy
imbalance, which can be further attributed to the slow recovery of
the AMOC and the larger heat capacity of the Southern Ocean (5,
11). Since our main focus in this study is on changes in ENSO ac-
tivity, we refer the reader to the two parallel studies above for the
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detailed physical processes behind ITCZ and AMOC hystere-
sis changes.

ENSO hysteresis in CMIP6 models

Aside from the large ensemble simulations of the CESM1.2 model,
we also analyze eight available CMIP6 single-member model simu-
lations under a similar CO, ramp-up and ramp-down scenario but
with a slightly different initial CO, concentration level [preindustri-
al level, 284.7 ppmv (parts per million by volume)] to further cor-
roborate our findings. We first use the Niflo3 SST skewness as a
simple touchstone to evaluate the performance of each CMIP6
model in simulating the nonlinear dynamics of ENSO (fig. S9)
(22, 44), considering that a realistic El Nifo regime is a prerequisite
for its credible future projections (45). Although all models repro-
duce seemingly reasonable SST intensities (fig. S9A), only the
MIROC-ES2L and NorESM2-LM models simulate a stable positive
SST skew in the eastern Pacific that mimics the observed features
(fig. S9B). In these two models, changes in ENSO SST variability
(Fig. 4, A and D) show consistent hysteresis features with our
CESM1.2 model (Fig. 1), despite subtle differences, and thus
support our CESMI1.2-based findings. In the MIROC-ES2L
model, the enhanced El Nino-related precipitation response in
the equatorial Pacific persists almost throughout the ramp-down
phase (Fig. 4B), leading to the hysteresis changes in the air-sea cou-
pling strength and the ENSO SST variance. However, the El Nifio
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Fig. 4. ENSO hysteresis in two selected CMIP6 models. (A to C) The MIROC-ES2L model-based single-member results. Hovmoller diagrams of equatorial Pacific in-
terannual (<8 years) SST variance [unit: (°C)?] changes (A) and El Nifio precipitation anomalies [unit: mm/day; (B)]. (C) Time evolution of the tropical Pacific zonal mean
precipitation centroid in this model (unit: degree, red line) and the CMIP6 multimodel ensemble mean result (blue line). Light blue shading represents the corresponding
two intermodel SD spreads. Vertical dashed lines in (A) and (B) indicate the eastern (90°W to 145°W) and central Pacific (160°E to 145°W) regions, respectively. Horizontal
dashed lines indicate different stages of CO, forcing. The A symbol in (A) indicates the change relative to the control simulation ensemble average. (D) to (F) as (A) to (C),

but for the NorESM2-LM model-based single-member results.

precipitation center exhibits near-standing features and does not
propagate further eastward after the CO, peak phase, coinciding
with a simultaneous stalled southward migration of the ITCZ
(Fig. 4C), which is slightly different from the multimodel ensemble
mean and the CESM1.2 model results. Another NorESM2-LM
model can generally simulate the hysteresis behavior of the ITCZ
position (Fig. 4F) and its resultant change in ENSO variability
(Fig. 4, D and E), with some temporary discrepancies possibly
due to the limited ensemble size, thus further supporting our
findings.

The other six CMIP6 models that fail to reproduce the observed
nonlinear El Nifo regime in their control simulation show quite
large intermodel diversities in future ENSO variability and hyster-
esis changes (fig. S10), which can be roughly grouped into three dif-
ferent categories. The first model group consists of the ACCESS-
ESM1-5 and CanESM5 models, which simulate some hysteresis

Liu et al., Sci. Adv. 9, eadh8442 (2023) 2 August 2023

changes in SST variance (fig. S10, A and D) over the central-to-
eastern equatorial Pacific and support our findings in a general
sense, but their changes are either more concentrated in the
central Pacific (fig. S10A) or loosely organized with weak magnitude
(fig. S10D). The associated El Nifo precipitation is also either much
narrower (fig. S11A) or weaker (fig. S11D), both with more west-
ward locations compared to our CESM1.2 model (Fig. 2A) and
the other two selected CMIP6 models (Fig. 4, B and E), potentially
limiting the strength of the air-sea coupling, the eastern Pacific SST
variability, and its future changes. Thus, it is better to distinguish
these degraded ENSO hysteresis behaviors owing to apparent
model biases from the model results with more realistic ENSO non-
linear dynamics (i.e., CESM1.2, MIROC-ES2L, and NorESM2-LM).

The second group of models, including the CESM2 and the
CNRM-ESM2-1, shows opposite hysteresis changes with larger
ENSO variance in the ramp-up period than in the ramp-down
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period (fig. S10, B and C). In particular, the CESM2 model shows a
continuously decreasing SST variability (fig. S10B), most evident in
the central Pacific, despite under the condition of an exaggerated
hysteresis of the ITCZ position southward movement (fig. S12B),
while the SST variance in the CNRM-ESM2-1 model first increases
in the ramp-up period but shows almost diminished changes in the
ramp-down period (fig. S10C). While the common model bias of
the underestimated SST precipitation sensitivity (fig. S11C) may
account for the distinct hysteresis behavior in the CNRM-ESM2-
1, it seems less relevant in the CESM2, as it simulates stronger
and more eastward-located El Nifo precipitation (fig. S11B) com-
pared to other biased models in the early stage of the ramp-up
period (fig. S11, A and C to F). The GFDL-ESM4 and UKESM1-
0-LL belong to the third model group but are not completely exclu-
sive with the other two model groups, showing episodic variance
changes and less clear hysteresis behavior (fig. S10, E and F). Both
models also suffer from the common model bias of too narrow a
zonal extent and too westward location of El Nifio precipitation
(fig. S11, E and F).

In a qualitative sense, all CMIP6 models simulate similar hyster-
esis changes in the tropical Pacific background states in terms of
ITCZ southward migration (fig. S12) and El Nino-like mean state
warming (fig. S13), suggesting that their contrastingly different
ENSO hysteresis behaviors are arguably highly dependent on
their respective representations of the basic ENSO dynamics, in-
cluding the overall underestimated SST precipitation sensitivity as
shown. While the eastern equatorial Pacific SST skewness metric
can identify models with more realistic nonlinear ENSO dynamics,
it is not sufficient to quantitatively constrain future ENSO projec-
tions due to the quite divergent ENSO hysteresis changes within the
six models with weak ENSO skewness. An in-depth understanding
of each model’s bias and associated unique ENSO response to ex-
ternal forcing, such as the CESM2 model, is warranted for model
improvement and credible future projections, but is beyond the
scope of this study and will be explored elsewhere in the future.

Hysteresis of ENSO atmospheric teleconnections

All of the impacts associated with El Nifio in a warming world can
be further exacerbated in the presence of El Nino hysteresis behavior
to CO, forcing and thus have important implications for human
society. To illustrate this in a general perspective, we focus on two
key climatic variables from the CESM1.2 model, namely, global land
surface temperature and precipitation, and show their altered re-
sponses in the context of El Nifo hysteresis (Fig. 5). The El Nino
teleconnections during the ramp-down period are more vigorous
with subtle regional structural changes (Fig. 5). During the El
Nifno peak phase (Fig. 5, A and B), two well-known atmospheric
teleconnections (46, 47), the Pacific-North American and Pacific-
South American patterns, further strengthen and shift eastward
during the ramp-down period in response to a similar zonal shift
of the El Nino convective center (Fig. 2A). These changes lead to
more negative surface temperature anomalies over the most conti-
nental part of North America and the midlatitude regions of South
America (Fig. 5B). In particular, the intensified Aleutian Low
anomaly manifested on the surface during the ramp-down phase
and its associated northeasterly surface winds (fig. S14) generate
more negative surface temperature anomalies over high-latitude
eastern Russia, Alaska, Canada, and the North American continent
(Fig. 5B) mainly through cold advection.
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Downstream El Nino teleconnections are also strengthened in
most tropical regions (Fig. 5, A and B). For example, the enhanced
El Nifo precipitation during the CO, ramp-down phase releases
more latent heat into the atmosphere, resulting in a warmer tropical
troposphere (fig. S15, A and B), which increases static stability and
surface temperature anomalies in remote areas (i.e., the TT mech-
anism) (48), especially in the tropical parts of South America, North
Africa, and the Indochinese Peninsula (Fig. 5B). El Nifio—induced
surface temperature anomalies are also enhanced in the subtropical
East Asia region but attenuated over eastern Australia (Fig. 5B),
both of which lie outside the warm belt of tropical tropospheric
temperature anomalies (fig. S15, A and B) and thus cannot be ex-
plained by the altered TT mechanism. In these two regions, the El
Nifo—induced low-level circulation changes are more important.
Specifically, the enhanced southerly wind anomalies to the west of
the western North Pacific anticyclone during the peak El Nifio
winter in the ramp-down period can further weaken the East
Asian winter monsoon and advect more tropical high temperature
northward (fig. S15, C and D) (49), eventually exposing East Asia to
higher temperature anomalies (Fig. 5, A and B).

The Australian region usually experiences higher surface tem-
perature anomalies during El Nifo peaks due to reduced cloud
cover and increased solar radiation associated with the broad de-
scending branch of the Walker circulation (50). During the CO,
ramp-down phase, El Niflo becomes stronger but more eastward
shifted, resulting in small changes in the Walker circulation influ-
ence represented by the local low-level velocity potential (fig. S15, E
and F). However, the concurrent enhanced low-level northerly wind
anomalies to the east of the enhanced and more eastward-located
anticyclonic circulation in the tropical southern Indian Ocean can
advect more midlatitude low temperature southward (fig. S15, C
and D), thus potentially reducing the El Nifo-related positive
surface temperature anomalies over eastern Australia (Fig. 5, A
and B).

El Nifio hysteresis also further strengthens the entire Asian-Aus-
tralian monsoon system in the post—El Nifio boreal summer (Fig. 5,
C and D). The delayed basin-wide SST warming of the Indian
Ocean and the developing La Nifia SST anomalies in the equatorial
Pacific are two major controlling factors for the low-level anticy-
clonic circulation anomalies in the western Pacific during the
post-El Niftio summer, both in the present and under climate
change conditions (51-53). Compared to the ramp-up phase (fig.
S15G), the magnitude of the Indian Ocean basin warming and
the developing Pacific La Nifia SST in the CO, ramp-down phase
increase by about 30% (0.09°C) and 20% (—0.06°C), respectively
(fig. S15H). The associated changes in local precipitation anomalies
(fig. S15, I and J) can respectively excite stronger atmospheric
Kelvin wave (51) and Rossby wave responses (54), leading to the in-
tensification of the anticyclonic circulation anomalies in the western
Pacific and ultimately elevating the flood risks in both East Asia and
Austria (Fig. 5, C and D).

Briefly, most of the world's population would experience in-
creased climate change risks for an extended period even with a re-
duction in CO, forcing. Because of limited ensemble members and
severe biases of El Nifio precipitation in available CMIP6 models,
we here accessed the hysteresis in El Nifo teleconnections only
using a single CESM1.2 model, leaving the possibility of model-de-
pendent results. While our study presents ENSO teleconnection
hysteresis from a global-scale perspective, climate change
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Fig. 5. Amplified El Niiio teleconnections. (A and B) CESM1.2 ensemble-averaged regressed December-January-February (DJF) mean land surface temperature anom-
alies (unit: °C, shading) and 200 hPa geopotential height (unit: m, contours) onto the simultaneous positive phase of normalized El Nifio SST anomaly index (180°W to
90°W, 5°S to 5°N) in a 31-year time window centered at the midpoint of the ramp-up [(A), 2070] and ramp-down [(B), 2210] periods. (C and D) CESM1.2 ensemble-averaged
regressed June-July-August averaged land precipitation anomalies (unit: mm/day, shading) and 850 hPa stream function (unit: 10°m?/s, contours) onto the positive phase
of previous DJF El Nifio—normalized SST anomaly index (180°W to 90°W, 5°S to 5°N) in a 31-year time window centered at the midpoint of the ramp-up [(C), 2070] and

ramp-down [(D), 2210] period.

consequences are often more perceived on a regional scale. Thus,
further studies using models with improved physics and large en-
semble members, more realistic experimental scenarios, and a
focus on finer target regions with more comprehensive physical
quantities are all needed to better quantify the mitigation costs
and manage regional disasters.

DISCUSSION

In this study, we use a hypothetical carbon dioxide removal scenario
to show that ENSO properties exhibit pronounced hysteresis re-
sponses to CO, reduction, thereby prolonging the consequential in-
fluence of ENSO globally in a warming climate. These results
provide a benchmark for how ENSO would respond to changes
or perturbations in CO, forcing and have important implications
for various mitigation policies. While our CO, forcing followed
the standard protocol endorsed by the Carbon Dioxide Removal
Model Intercomparison Project (CDRMIP), the sensitivity of
ENSO to the external forcing rate, the peak CO, concentration
level, the carbon dioxide removal approaches, and, more generally,
the mitigation pathways deserve further investigation.

In our study, we emphasize the hysteresis role of the background
ITCZ position change, which is influenced by an interhemispheric
energy imbalance due to the long adjustment time scales of extra-
tropical processes, primarily changes in heat uptake in the AMOC
and the Southern Ocean (5, 11). The ITCZ, a key mediator linking
tropical and extratropical changes (55), still suffers from a notorious
systematic bias in most CMIP6 models (56). An authentic represen-
tation of ENSO nonlinear dynamics, a crucial prerequisite for
ENSO future projections, is also missing in the majority of contem-
porary models (fig. S9), despite their seemingly reasonable perfor-
mance in terms of SST anomaly amplitude (44, 45). Therefore, we
suggest that realistic model representations of ENSO dynamics,
ITCZ dynamics, their interactions, and potential remote modula-
tors are all important for both credible projections of future
ENSO activity and risk assessment of various mitigation strategies.
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MATERIALS AND METHODS

Experimental design and datasets

To investigate the ENSO hysteresis response to CO, forcing, the
fully coupled CESM1.2 is used (38). This model comprises the at-
mosphere (Community Atmospheric Model version 5), ocean (Par-
allel Ocean Program version 2), sea ice (Community Ice Code
version 4), and land models (Community Land Model version 4).
The atmospheric and land components are configured with a hor-
izontal resolution of approximately 1° and 30 vertical layers. The
ocean model has 60 vertical levels, with a longitudinal resolution
of 1° and a latitudinal resolution of ~0.33° near the equator,
which gradually increases to 0.5° near the poles.

We design and conduct two experiments, namely, a PD control
and CO, ramp-up and ramp-down experiments. The PD experi-
ment is integrated for 900 years with a fixed CO, concentration
(1x CO,, 367 ppmv) in the present climate. The CO, ramp-up
and ramp-down experiment branches from the PD experiment at
different phases of the Pacific Decadal Oscillation and Atlantic Mul-
tidecadal Oscillation to generate a total of 28 ensemble members.
Each member is forced by the same time-varying CO, forcing for
500 years, comprising a 1% increase per year in the CO, concentra-
tion for 140 years until the concentration quadrupled (4 x CO,,
1468 ppmv, ramp-up period); and a subsequent symmetric 1% de-
crease per year in CO, concentration for another 140 years until it
returned to the initial level (1 x CO,, 367 ppmv, ramp-down
period), and a fixed CO, concentration for the remaining 220
years (1 x CO,, 367 ppmyv, restoring period).

In addition, we use eight available models from CMIP6 (39):
ACCESS-ESM1-5, CESM2, CNRM-ESM2-1, CanESM5, GFDL-
ESM4, MIROC-ES2L, NorESM2-LM, and UKESM1-0-LL. The
first 500 years of each model’s preindustrial control simulation
are used as a reference run, mimicking our PD experiment. The
CO, ramp-up and ramp-down periods are replaced by the
“1pctCO2" experiment from the CMIP6 Diagnostic, Evaluation,
and Characterization of Klima (39) and the "1pctCO2-cdr” experi-
ment from the CDRMIP (4), respectively. Each model has only one
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ensemble member for all three experiments. The experimental
setup differs slightly from our simulations, mostly in terms of the
initial CO, concentration level (preindustrial level, 284.7 ppmv) and
total simulation length. Specifically, each model is forced by the
same time-varying CO, forcing for 340 years, comprising a 1% in-
crease per year in the CO, concentration for 140 years until the con-
centration quadrupled (4 x CO,, 1138.8 ppmv, ramp-up period);
and a subsequent symmetric 1% decrease per year in CO, concen-
tration for another 140 years until it returned to the initial level (1 x
CO,, 284.7 ppmv, ramp-down period), and a fixed CO, concentra-
tion for the remaining 60 years (1 x CO,, 284.7 ppmv, restor-
ing period).

To examine the realism of ENSO statistics in these models, the
SST reanalysis dataset from the Extended Reconstructed Sea Surface
Temperature, version 5 (ERSSTV5) is used (57). The analysis period
is from 1979 to 2020 to ensure high data quality.

Definition of anomalies and data preprocessing

Anomalies are calculated relative to the climatology of the entire
period for both the control run and reanalysis. A linear detrending
procedure is applied to the SST reanalysis to remove the observed
long-term trend. For the CO, ramp-up and ramp-down experi-
ments in the CESM1.2 model, deterministic forced signals and
anomalies are computed as the ensemble mean and related devia-
tions in each member. The ENSO anomalies in each CMIP6 model
are extracted with an 8-year high-pass Lanczos filter (58), consider-
ing that only one ensemble member is available for each model. All
variables are linearly interpolated onto a common grid with 2° x 2°
horizontal spatial resolution and 10-m vertical resolution in the
upper ocean (down to 350-m depth).

Definition of diagnostic variables and indices

1) The thermocline depth is computed as the depth of maximum
vertical temperature gradient in the equatorial Pacific upper oceans
for each grid and each member.

2) The precipitation centroid is defined as the latitude that splits
the annual zonal average tropical Pacific (120°E to 80°W, 20°S to
20°N) precipitation equally in half (11, 59). To accurately capture
the precipitation centroid, the precipitation is interpolated to a
finer grid of a 0.1° increment in the meridional direction.

Mixed layer heat budget

To investigate the physical causes of the SST variance and skewness
change, an ocean mixed layer heat budget analysis in partial flux
form is used (60)

of Q (a(ﬁT) N a(vT)> +WTsub
ot pCyHpna ox dy Ha
oT oT T oT oT T
— <u£+v8—y+wg) - <ua+va—y+w$>
+¢e (1)

where the variables T, u, v, and w denote the mixed-layer ocean tem-
perature and ocean current velocities in the zonal, meridional, and
vertical directions, respectively; variables with and without an
overbar represent the background mean state and anomalies, re-
spectively; Ty, and W are the ocean temperature anomalies and
background vertical current velocity at the mixed layer base,
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respectively; and Q denotes the sea surface net heat flux anomalies
into the ocean. The mixed layer is fixed at a depth of 50 m (H,4 =
50 m), while p = 1026 kg/m3 and C, = 3996 J/(kg K) are the seawater
density and heat capacity, respectively. The six grouped terms on the
right-hand side are thermal damping by net heat flux (Q,), DD by
horizontal mean circulation, TH, ADV, NDH, and the sum of all
unresolved physical processes (g).

Definition of the ENSO coupling strength and its
asymmetry

The ENSO SST amplitude is proportional to the net growth rate of
ENSO SST anomalies, which is collectively determined by different
competing feedback processes (61). In light of the nonnegligible
asymmetry between El Nifio and La Nifla dynamics and their po-
tential future changes, we estimate their time-varying SST feedback
coupling strength separately by performing ENSO phase—depen-
dent linear regressions (62) within a 31-year moving window

o ag] X SSTECP + residE1 (SSTECP > 0) (2)
B Aara X SSTECP —+ residLa (SSTECP < 0)

where F and SSTgcp represent each feedback on the right-hand side
of Eq. 1 and area-averaged SST anomalies over the central-to-
eastern equatorial Pacific (180W° to 90°W, 5°S to 5°N) that cover
ENSO's main activity center, respectively; resid represents an
ENSO-unrelated feedback component that was not analyzed in
our study. The “El" and “La” suffixes represent El Nifio and La
Nifa phases, respectively. In Eq. 2, ENSO phase—dependent SST
feedback coupling strengths (i.e., ag and ay,) represent each feed-
back contribution to the SST linear growth rate under different
ENSO phases. In each window, the SSTgcp is normalized first to
avoid possible influences from time-varying changes in the ENSO
intensity. This ENSO phase—dependent regression approach is also
applied in the investigation of other related coupling sensitivities,
such as El Nino SST and precipitation.

Supplementary Materials
This PDF file includes:
Figs. S1to S15
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