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Abstract

eolo a ode dernee-revesn h o he L. 9 9 b he-Preeessio

%%m%mg@mwwmt
the El Nino_Southern Oscillation (ENSO) is strongly modulated by Earth’s axial precession,
yet the mechanisms remain unclear due to interactions among multiple forcings. Using
high-resolution medel-simulationsreconstrueting—the ENSO—aetivity—climate simulations,
WM& across a full precessmnal cycle—we—ﬁ&d» Ms
reveal that ENSO is s :

Wﬂ%%%@&f%smm
aphelion with boreal summer, consistent with the orbital configuration of the present-day
climate._Through diagnostics of background mean climate evolution and ENSO-related
feedback processes, we propose that precession-scale modulations in ENSQ _variability are
governed by east west asymmetric continental warming, When perihelion occurs during
austral summer and aphelion during boreal summer, pronounced warming emerges over
Austraha (east of the Indo-Pacific IQEGZ—Bee&uﬁ&deepreeﬁveeHeﬁﬁcwefs%h&w&fmeﬁ—&feaf

%IMWWMM&MMWM@MC
ITCZ). This east_west_thermal contrast drives an eastward shift of the ITCZ and its
coupled Walker circulation, accompanied by weakened trade winds, a shallower ocean mixed
layer, and enhanced upper-ocean stratification. These changes reduce the thermal inertia
of the warm pool, allowing even moderate climate noise to trigger the Bjerknes feedback
(including wind and thermocline feedbacks), ultimately magnifying ENSO variability under
precessional phases analogous to the modern configuration. Conversely, when perihelion falls
in boreal summer and aphelion in austral summer, cooling over Australia and warming over
Afro_Eurasian continents force westward displacements of the ITCZ and Walker circulation,
%7

ressing the Bjerknes feedback, thereby dampening ENSO activity during precessional
hases correspondin to the Early Holocene. Proxy records aefeaﬁffrom the Indo—Pac1ﬁc

NSO ch oy EEEELPEN op =N Tetion

a O I IOAV . v a1 -u"" H—prea O
of zonal asymmetric continental warming establishes a physical link between astronomical
precessional forcing and ENSO behavior, and may provide insights to improve assessments

of long-term tropical climate variability.

Plain Language Summary

Observations and climate reconstructions indicate that ENSO is net—enly—affected
affected not only by anthropogenic warming but also astrenemieal-eyeleby astronomical
cycles, especially precession. Understanding this long-term behavior is critical for under-
standing the current state of ENSO and predicting its future. Using —t0;approximately
10,000 year-years of simulations, we have-reeconstrueted-reconstruct tropical climate across
af full precession cycle trepieal-elimate-with-at unprecedented resolution. Our results reveal
that eurrent—present-day ENSO activity is relatively strong in-an-astrenemieal-within the
precession cycle. This is-dwe-to-arises from asymmetric heating between the Afro-Evrasian
Afro Eurasian and Australian continents at perihelion and aphelion, which shapes—the
bacl Lok L alters the threshold rod iosor ENSO devel .T]'
Hwﬁ
that_shape ENSO_variability. This model-diagnosed pathway. together with geological
records that are consistent with the associated Indo-Pacific regions—provides—themissing
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link—between—astronomicalforeing—mean-state_and ENSO-variability changes, helps link
astronomical forcing to tropical climate variability.

1 Introduction

As the primary driver of global inter-annual-interannual variability (Bjerknes, 1969a;
Zhang et al., 1997), the El Nino-Seuthern-Oseillation {ENSO-ENSO profoundly influences
global chmate patterns, ecosystems, and economic activities (Bjerknes, 1966; C. Wang et al.,
2017). Modern observations and numerical simulations suggest that anthropogenic Warming
may amplify ENSO extremes (Timmermann et al., 1999; Cai et al., 2015). However, on
longer timescales, other climate forcings also significantly modulate ENSO variability (Liu et
al., 2014). For instance, during the-geologic warm periods, such as the Holocene and the Last
Interglacial, evidence indicates that ENSO activity was weaker than today (Shulmeister &
Lees, 1995; Sandweiss et al., 1996; Hewitt & Mitchell, 1998; Rodbell et al., 1999; Sandweiss
et al., 2001; McGregor & Gagan, 2004; Conroy et al., 2008; Leduc et al., 2010; Salau
et al., 2012; Emile-Geay et al., 2016; Tian et al., 2017). The contrast between stronger
ENSO under modern warming and weaker ENSO during past warm periods highlights the
complexity of ENSO responses. Understanding the evolution and underlying mechanisms
of ENSO is therefore crucial for improving predictive capabilities and informing adaptation
strategies under ongoing global change (Cai et al., 2021; Lee et al., 2022).

Proxy records (Tudhope et al., 2001; Koutavas & Joanides, 2012; S. Chen et al., 2016;
Barr et al., 2019; Zhou et al., 2022) and model simulations (clement et al., 1999; Bush,
1999; Roberts et al., 2007; An et al., 2018) indicate a—weaker ENSO during the Early
Early- to mid-Holocene, followed by a gradual intensification lasting several millennia (Moy
et al., 2002; Lawman et al., 2022; Lu et al., 2025). Sensitivity experiments isolating or-
bital variations from other climate forcings identify changes in Earth?’s orbit, particularly
precession (Clement et al., 2000; Moy et al., 2002; Otto-Bliesner et al., 2003; Liu et al.,
2003; Timmermann et al., 2007; Chiang et al., 2009; Luan et al., 2012; Braconnot et
al., 2012; White et al., 2018; Lu et al., 2019), as the primary driver of this long-term
ENSO evolution. Both transient (clement et al., 1999; Clement et al., 2000; Timmer-
mann et al., 2007; Liu et al., 2014; An et al., 2018; Lu et al., 2019; Di Carlo et al.,
2021) and time-slice (Otto-Bliesner, 1999; Bush, 1999; Otto-Bliesner et al., 2003; Brown
et al.; 2006, 2008; Zheng et al., 2008; Chiang et al., 2009; Luan et al., 2012; Salau et
al., 2012; Karamperidou et al., 2015; Tian et al., 2017) simulations were performed to
understand the dynamics of orbital-scale ENSO aetivitiesvariability. These studies sug-
gest that precession medwlate—modulates the background climate (clement et al., 1999)
—and—influenee—and influences ENSO through complex dynamics, %&eh—a%m;inging/fre-
quency locking (Chang et al., 1994; Liu et al., 2003) and nonlinear resonance (Tziperman
et al., 1994; Jin et al., 1994). In particular, Weakened ENSO is thought to depend on a La
M%&WMMMW(HeWmt & Mitchell, 1998; Bush,
1999; Sha et al., 2024), characterized by an enhanced East Asian summer monsoon (L1u
et al., 2000, 2003 Pausata et al., 2017; Tian et al., 2017; L. Chen et al., 2019), strength-
ened Walker circulation (Bush, 1999), and intensiﬁed eastern Paciﬁc upweliing (Loubere et

al. 2003) S5 dear O848 ; ‘

“More enerally, revious studies have show

that external forcing reorganizes the tropical Pacific mean state through changes in Walker
circulation strength (P. DiNezio et al., 2011; P. N. DiNezio et al., 2013), warm-pool and

ITCZ shifts (Pontes et al., 2022; Thirumalai et al., 2024; Molina et al., 2026), mixed-layer
depth (MLD) (Thirumalai et al., 2024), wind-stress anomaly structure (Stuivenvolt-Allen
et al.,, 2025), and upper-ocean stratification (Cai et al., 2018; Tuckman & Yang, 2026).

These mean-state changes regulate the efficiency of coupled ocean—atmosphere feedbacks
that control ENSO growth, highlighting that ENSQO’s response to external forcing depends

on the tropical Pacific mean state and multiple coupled feedback processes (P. DiNezio et
al., 2010; P. N. DiNezio et al., 2012; Fedorov et al., 2020; Cai et al., 2021),
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Yet the mechanisms linking orbital forcing, especially precession, to ENSO variabilit

remain poorly constrained. Progress has also been limited by ENSO’s high sensitivity to
internal variability:-, the relatively weak precession signal in-Heleeene-during the Holocene

that is often confounded by other forcings;—, and the coarse resolution of many prior sim-
ulations, which may lmits-limit the ability to capture the-complex equatorial current sys-
tems and active air-sea—interaction—airsea interactions in the deep tropics. Fuarthermeore;
@Wk&zy mechanlstlc questlons remain unresolved How does precessmn H&e}ﬂee

: 3 35 : v sse-gapsreorganize the tro 1ca1 Pac1ﬁc mean state?
And how do those mean- state changes alter the efficiency of coupled ocean—atmosphere

feedbacks and ultimately modulate ENSO amplitude? To address these questions, this
study used state-of-the-art climate model simulations to recover ENSO activity over the en-

tire precession cycle using unprecedentedly high-resolution runs-ef—1+0;simulations spanning
~10,000 years. This allows us to obtain a full picture of how precession affeet-affects ENSO
behavior. In addition, given that precession is the primary driver of Holocene climate vari-
ability (Liu et al., 2014), we also synthesize available ENSO-sensitive proxy records across
the Indo-Pacific region to corroborate the trends revealed by the simulations. With these
efforts, we find that precessmn—forced asymmetrlc continental heatlng sh&pea—%h&xpp@tﬁgﬁgs
ENSO variability by i

thePaeifiereorganizing the tropical Pac1ﬁc mean state and regulatin the eﬂimency of the
coupled Bjerknes feedback loop.

2 Methods
Model Simulations

Previous paleoclimate reconstructions and numerical simulations often considered mul-
tiple external forcings, making it difficult to isolate the specific role of individual factors.
To specifically assess the impact of precession on ENSO activity, we conducted 24 time-slice

simulations reconstructing a full precessional cycle {the-precessional-phase—variesfrom0+te
360—in—1t5"intervalsi-using the Alfred Wegener Institute Earth System Model (AWI-ESM)

(Sidorenko et al., 2015). Ta—partientarThe precessional phase was varied from 0° to 345°
in 15° increments. In this framework, a precessional phase of 99>-90° corresponds to per-

ihelion at the boreal summer solstice, Mﬁ%%%%%Wf
270° corresponds to perihelion at the austral summer solstice. Each snnulatlon was rin

Wfor 400 years,

“MM@B@I

hmate had e ulhbrated the final 100 years were used for the ENSO and mean-state analyses
resented in this study. This design allows us to systematically assess ENSO characteris-

tics under varying seasonal distributions of insolation driven by precession (Milankovitch,

1941). The main boundary conditions of the 24 experiments are as follows. Greenhouse-gas
concentrations, land-sea distribution, and ice sheet extents were held fixed at pre-industrial
conditions. Orbital parameters were prescribed with eccentricity fixed at 0.058 to amplify
the precessional insolation contrast, consistent with previous idealized orbital experiments
(Yang et al., 2025), and obliquity fixed at 24.50°; only the longitude of perihelion was varied
across the 24 time slices. All other boundary conditions follow the AWI-ESM configuration
described by Yang (Yang et al., 2024).

high eccentricity (0.058) in—eur—simulations—which-enhances the detectability of the pre-
cession imprint on the-tropical Pacific variability and diminishes the impact of internal
climate variability on our results. Considering that this design may amplify the preces-
sional forcing, additional experiments with a lower eccentricity (0.02) was-were conducted
to validate the robustness of our results (see Supplementary Figure S2). Furthermore, to
realistically simulate tropical Pacific variability, particularly ENSO dynamics, the model
employs a relatively high resolution of up to 25 km near the equator (see Supplemen-
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tary Figure S1). This resolution effectively improves the representation of ENSO-related

ecean-atmosphere-ocean—atmosphere coupling (Rackow et al., 2018). Betailed-experimental
loseribod it Yome T

Data Analyses

Assessing ENSO Variability-and-Dynamiesvariability

To evaluate ENSO variability across precessional phases, we analyze-first examine the

longitude_precession distribution of equatorial Pacific sea surface temperature anomalies
{55FAs)—in—the Nino—3—region—(SST) anomaly (SSTA) standard deviation (Figure la).
Interannual variance is largest in the eastern equatorial Pacific; therefore, we use the
Nino3 region (5°S-5°N, 150°W-90°W) as the primary ENSO index (Trenberth & Stepaniak,
2001)._Monthly SST anomalies are calculated relative to each experiment’s climatological
seasonal cycle over the final 100 years after removing linear trends. The Nino3 index
is_defined as the three-month running mean of Nino3 SST anomalies. Sensitivity tests
using_the Nino3.4 and Ninod4 regions (not shown) confirm that the main conclusions are

insensitive to the choice of ENSO index region. ENSO amplitude is quantified as the
standard deviation of the Nino3 index, with 95% confidence intervals estimated from the

chi-square distribution (Supplementary Figure S3b). FEl Nino and La Nina events are
identified when the three-month running-mean Nino3 SSTA exceeds +0.5 K or falls below

—0.5 K for at least five consecutive overlapping three-month periods (Supplementary Figure S3a.d.e).
Power spectral analysis of the Nino3 index is used to characterize ENSO frequency (Supplementar,

Figure S3C For the re resentatlve weak and stron recessmnal hases (90° and apply

pesﬁtefref—tﬂhe» 70° we also erform lead— la correlatlon and El Nlno com 051te analyses
to examine ENSOQ life-cycle evolution. These event-scale diagnostics characterize differences

in ENSO life-cycle evolution and coupled ocean—atmosphere feedback between the 270° and
90° phases (figures not reproduced here).

Diagnosing precession-driven mean-state changes

To dla nose how precession reorganizes the tropical Pac1ﬁc mean state we anal ze th

equator and ITCZ using empirical ortho onal functlon EOF anal sis of tropical moist
static energy (MSE) variabilityfields from the 24 precession experiments, treating precession
hase as the tem oral dlmensmn (Neehn & Held 1987) (Flgure%—éﬂhi%ﬂ-ppreaeh&deimﬁes

erfeu}&ﬂefkaﬂé—ENSQAyﬂanﬂ—Deﬁ&ﬁed»ea}eu}&Heﬂfﬂe%heé& V)/WTheZ(mzﬂWNMggg@Am‘mmﬁ
the ITCZ serves as the primary indicator of tropical atmospheric reorganization associated
with precession. Detailed definitions of MSE and the EOF methodology are provided in the
Supplementary Information.

Diagnosing coupled-feedback responses to mean-state changes

To trace the pathway linking tropical Indo-Pacific mean-state reorganization to ENSO

variability changes, we diagnose two sets of quantities across the 24 precession experiments
Figure 4a-1). The first set characterizes the mean-state response to precessional forcing,

including the Walker-circulation center longitude, equatorial zonal wind stress (1), ITCZ
and Indo-Pacific Warm Pool (IPWP) positions, MLD, and upper-ocean stratification (Cai et

al., 2018). The second set characterizes how mean-state changes influence ENSO development.
These diagnostics include westerly wind burst (WWB) intensity, a regional warm-water

volume (WWYV) proxy based on equatorial Z. depth of the 20°C isotherm), and the
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three components of the Bjerknes feedback together with their product (integrated Bjerknes

loop gain, BJ = ufa): atmospheric wind feedback (1), ocean dynamical response and
thermocline feedback («) (Bjerknes, 1969b; Jin et al., 2006; Liibbecke & McPhaden, 2013;

Deppenmeier et al., 2016). Detailed definitions calculatlon methods, regional domains,
and uncertamt estlmates for all diagnostics are provided in the supplementarymaterials;
GES: sSupplementary Information.

Comparison between Simulations-simulations and -Geological-Archivesgeological

archives

Despite being idealized, our simulations allow comparison of ENSO variability between
precessional phases 90>—and—270—with-—EarlyHoelocene—present-90° and 270° with Early
Holocene-Late Holocene geological records, as precession is—eenfirmed—as—the—deminant
has been identified as an important driver of Holocene ENSO (Lu et al., 2019). Accord-
ingly, we compiled multiple Holocene ENSO WH%%&&WQ& sedi-
ment reflectance, varve thickness, grain size, sterol biomarkers, and foraminiferal §'%0
varianee—whieh-variance —which capture ENSO variability changes (Supplementary Fig-
ure S9). Paleoclimate records also provide a practical way to reconstruct background
climate, with Holocene variability also largely governed by precession (Liu et al., 2014).
By comparing reconstructed precipitation anomalies and SSTAs between earlyandlate-the

Early and Late Holocene with simulated anomalies under precessional extremes (99°—276290°-270°),

we assess the consistency of modeled elimate-state-trend-climate-state trends with geological

evidence (Figures5y—Figure 5). In Figure 5, 27°C SST isotherms outline IPWP boundaries

at the 90° and 270° extremes for comparison with proxy reconstructions. Detailed methods
are provided in the Supplementary MaterialsInformation.

3 Results
Precession medulate-modulates ENSO activity

Unlike previous simulations that include multiple external forcings, our results from sim-
ulations focused solely on precession indicate that the strength of ENSO activity, estimated
as the standard deviation of equatorial sea—surfae Fe— tes 5395 TAs,
varies throughout a precessional cycle. We find that ENSO Varlablhty is most pronounced
in the Nifo3-Nifio3 region (Figure la), peaking-where simulated interannual SST variance

is largest in the eastern equatorial Pacific. Therefore, we use Nifio3 as our primary index

to quantify the ENSO activities. ENSO amplitude peaks at a precessional phase of ap-
proximately 270°—285°, with perihelion/aphelion eeeurs-occurring in austral summer/win-

ter. In contrast, the weakest ENSO variability occurs at a precessional phase of approxi-
mately 90°—105°, with perihelion/aphelion eeetrs-occurring in boreal summer/winter. Fhis

patternThe simulated ENSO amplitude increases by 106 + 4% at 270° compared to 90°.

This phase dependence is consistent with earlier medeling-modeling studies, indicating
relatively weak ENSO during the early Holocene (Lu et al., 2018) and the Last Inter-

glacial (Salau et al., 2012), when the precession phases were around 90°--120° (Bush, 1999;
Liu et al., 2000; Otto Bliesner et al., 2003; Salau et al., 2012). The simutatedENSO
WMM%%M%%—M—WHG—%'PFGVIOUS studies reported
relatively smaller ENSO variations during the Holocene based on paleoclimate records
(15%-66-60%) (Tudhope et al., 2001; Moy et al., 2002; McGregor & Gagan, 2004; Con-
roy et al., 2008; Emile-Geay et al., 2016; White et al., 2018) and numerical simulations
(2%-36%)—30%) (Liu et al., 2003; Salau et al., 2012; Liu et al., 2014; Karamperidou et
al., 2015; Tian et al., 2017). These discrepancies in ENSO amplitude may be attributed to
the higher eccentricity in our experiments (0.058), which exceeds the Holocene eccentric-
ity value (approximately 0.02). Additional simulations with low eccentricity (0.02) yield a
59 + 4% increase in ENSO amplitude (Supplementary Figure S2), showing the same trend
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Figure 1. Simulated El Nino—Southern Oscillation strength and zonal position of the
Indo-Pacific Warm Pool over a precessional cycle (eccentricity = 0.058). (a) Standard
deviation of equatorial (5°S—5°N) tropical Pacific sea surface temperature anomalies. The x-axis is
longitude, the y-axis is precession phase, and shading shows El Nifio-Southern Oscillation strength.
Blue dashed lines mark extreme El Nifio-Southern Oscillation phases: ~270° (strongest El Nifo—
Southern Oscillation when perihelion/aphelion occur in austral summer/winter) and ~90° (weakest
El Nino-Southern Oscillation when perihelion/aphelion occur in boreal summer/winter). (b) Zonal
migration of the Indo-Pacific Intertropical Convergence Zone or Indo-Pacific Warm Pool, defined as
the precipitation-weighted longitude where annual mean precipitation exceeds 5 mmday =" (green
contour in Supplementary Figure S4; see Section 2). Blue shading highlights the precession phases
corresponding to the easternmost (270°) and westernmost (90°) Intertropical Convergence Zone

positions.

but with smaller magnitude than the 0.058-eccentricity runs. Pewerspeetral-analysisfurther
el : . g

In addition, precession influences not only ENSO amplitude but also its—frequeney
—the-simulated-ENSO-frequeney-is68+3% higher-ENSO frequency and event occurrence
(Supplementary Figure 53). Across the 24 experiments, both El Nifio and La Nina events are
more frequent near 255°-300° and less frequent near 75°-135° (Supplementary Figure S3a).
In the representative weak and strong phases, the 907 experiment yields 19 El Nino and 19
La Nina events, whereas the 270° experiment yields 31 and 25 events, respectively. Power
spectra likewise indicate a shift toward shorter ENSO timescales near 255° 3007, with the
dominant spectral peak shifting from about a G-year period at 90° to about 4 years at 270°

Supplementary Figure S3c¢). The corresponding Nino3 time series illustrate this contrast,

with more_frequent_and larger-amplitude events under 270° than under 90° (as—shown
in—SupplementaryFignreS3)—Fhe—eoherent—modulation—of-Supplementary Figure S3d,e).
Together, these results demonstrate that precession coherently modulates both ENSO am-
plitude and frequency aeress—the-precession—eyele-(Lu et al., 2025)providesstrons—evidenee
thiat-precession-akter ENSO-netivities, To understand this response, we next examine how
precession reorganizes the tropical Pacific mean state.
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Coupling of the tropical mean-state-mean state and ENSO activity

To investigate how ENSO responds to precession, we first examine the variations in
atmospheric and oceanic circulation throughout the precessional cycle. As illustrated in

Precessional Phase 90°

Walker circulation
- shifted westward

ITCZ shifted
westward

2 SST Anomaly [C°]

3 Vertical Temperature Anomaly [ C°]

Figure 2. Schematic of background ocean—atmosphere circulation under two preces-
sional phases with extreme El Nifio—Southern Oscillation intensity (90° versus 270°).
Upper panels show Earth—Sun positions at precessional phases of 90° and 270°. Lower panels
show corresponding climate states (90° blue, 270° red): shading indicates horizontal (30°S—-30°N)
and equatorial vertical (5°S-5°N) ocean temperature anomalies. Due to different thermal inertia
between land and ocean, perihelion/aphelion introduce relatively stronger warming/cooling over
land than over ocean. This generates an east—west shift of the Indo-Pacific Intertropical Con-
vergence Zone due to the zonally asymmetric land-sea distribution. At a precessional phase of
90°, boreal summer/winter perihelion/aphelion drives relatively stronger warming/cooling over the
Afro-Eurasian/Australian continents. The combined zonally asymmetric thermal forcing drives
westward shifts (grey arrows) of the Intertropical Convergence Zone (horizontal contours) and
Walker circulation (vertical arrows), stronger equatorial Pacific trade winds, and a deeper west-
ern Pacific thermocline, favoring weaker El Nifio-Southern Oscillation variability. At 270°, austral
summer /winter perihelion/aphelion induces opposite shifts, favoring stronger El Nino—Southern

Oscillation variability.
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Figure 1b, the Indo-Pacific Intertropical-ConvergeneeZone-FFCZ-ITCZ migrates zonally

during the precessional cycle, with its westernmost position occurring around 90° (Figure 2).
This-eorresponds—to-This westward migration of the ITCZ is accompanied by a westward
shift in—theWalker—Cirendation—of the Walker circulation (Salau et al., 2012; Pausata et

al., 2017; Sha et al., 2024). The westward migration of atmospheric c1rculat10n leads—to—a
s%re&g&hem%&geﬁs/‘gg@\gdtv}l\gﬁequatonal trade winds in the western Pacific (Zheng et al., 2008;
Chiang et al., 2009), while the-weakening equatorial westerlies in the Indian Oceanwe&keﬁ

These changes in surface winds sdse-eatse-the-position-ofsurface—watereconvergence—in—the
M%%P@%&W}%@%%W@@va&%@wmm

displacement of the IPWP (Linsley et al., 2010), aleng-together with a deepening of the
western Pacific thermocline wmcmw@m@oubere et al., 2003;

Pausata et al., 2017; Cai et al., 2018). Geological records indicate higher ocean heat content
at precessional phase 90°, supporting a deeper and warmer subsurface thermocline in the
IPWP (Jian et al., 2022). In the eastern Pacific, the westward-shifted IPWP and intensified
trade winds enhance upwelling in the cold tongue region (see Supplementary Figure-S5-S7
Figures S5-S7 for atmospheric and oceanic circulation contrasts between the 90° and 270°
precessional phases) ;-generate-aaNifia-like-(Liu et al., 2014; White et al., 2018; Lu et al.,
2019), generating a La Nina-like mean state (Koutavas et al., 2002; Kienast et al., 2006).
This mean-state —¥Fhis-configuration corresponds with weakened ENSO activity, as shown
in our simulations (Figure la). In contrast, when perihelion/aphelion occurs during the
austral summer /winter (precessional phase 270°), the IPWP, ITCZ, and Walker Cirenlation
circulation shift eastward (Figure 2). This weakens the equatorial Pacific trade winds,
ereating-enhances upper-ocean stratification, and shallows the mixed layer (Cai et al., 2018,
2021), creating a mean climate state that zesemble Bl Niioresembles El Nino (Sha et al.,

2024)--. This background state is associated with more intense and frequent ENSO events

at precessional phase 270° (Figure la). Therefore, consistent with previous studies, our
simulations suggest that external forcing first reorganizes the tropical Pacific mean state,

which provides the background conditions that regulate ENSO variability through changes
in coupled ocean—atmosphere interactions (P. N. DiNezio et al., 2012; Fedorov et al., 2020;

Thirumalai et al., 2024; Tuckman & Yang, 2026)._

Asymmetric continental heating as a principal force

Above, we i

as-showed that precession forcing reorganizes the tro 1ca1 Indo-Pacific mean state mCludm
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W the ITCZ surface winds, H&eW&}ker—Grreﬂ}&Heﬁ—&ﬂd—ﬁhe—ﬁhermeehﬂesﬁﬂeﬂﬁe—eaﬁ

potential-external-eatises-of thezonal-migration-of-the-Indo-Paeifie JTCZWalker circulation,
MLD, and upper-ocean stratification. To clarify how precession drives these changes, we
use the zonal migration of the Indo-Pacific ITCZ as a dynamical indicator, because its
position reflects the reorganization of tropical atmospheric circulation and associated oceanic
background conditions. The Indo-Pacific ITCZ ;anarrew-equatorial-band-of deep-convection
near-the-thermal-equators—can be objectively identified as the region of maximum MSE over
the tropical ocean (Neelin & Held, 1987). To eapture-characterize its migration pattern, we

performed Empirieal-Orthogonal Funetion{EOFJ-an EOF analysis on tropical MSE fields
from the 24 precessional experiments, separately for boreal summers-and-winters—

Precession—drives—summer and winter. Precession drives the seasonal distribution of
insolation by altering the timing of different Earth-Sun-Earth-Sun distances (Milankovitch,
1941; Yang et al., 2025). Th%—%h&key@%sﬁe&her&'@&lm@%s how the zonally
symmetric insolation variations caused by precession affect the zonal migration of the ITCZ.
To understand-thisproblemaddress this, we first need-to-understand-recall some basic facts.
The apparent movement of the Sun *s-pesition-between the Tropic of Cancer and the Tropic
of Capricorn generates the annual cycle. From this point of view, seasons are a function of
latitude, namely the latitude of the overhead Sun. Precession determines the seasonal timing
of the-perihelion and aphelion +therefere—it-and therefore alters the latitude where-at which
perihelion and aphelion concentrate insolation (Yang et al., 2025). As shown in Figure 3a,b,
at precessional phase 90°, when perihelion occurs during boreal summer, the northern-
most latitude receives the maximum solar radiation (magenta dashed line). This generates
the strongest continental heating over the Afre-Furasian—Afro—Eurasian landmass to the
west of the Indo-Pacific ITCZ. The intensified thermal contrast between the Afre-Furastan
Afro-Furasian continent and the adjacent ocean basins induces low-level convergence of
warm surface air and water-moisture toward the landmass, resulting in a westward displace-
ment of the Indo-Pacific thermal equator and ITCZ during boreal summer. Corresponding
to boreal summer perihelion, aphelion occurs in austral summer, when the weakest inso-
lation is eoneentrate—concentrated at the southernmost latitude (Figure 3c,d). This forces
relatively stronger cooling over the Australian continent &t-to the east of the Indo-Pacific
ITCZ. Similarly, it drives a westward shift of the Indo-Pacific thermal equator and ITCZ
during austral summer (the corresponding ITCZ movements are shown in Supplementary
Figure S8). Thus, from an annual-mean perspective, the Indo-Pacific ITCZ is positioned
farther west during precessional phase 90° eempared-to-than during phase 270° (Figure 3e,f).
The westward shift of the Indo—Pa01ﬁc ITCZ establishes a La NHT&-}deeNlna-hke background
state under 90°-
%&MMWQ&@M@&WWI%IM

Conversely, at precessional phase 270°, boreal summer aphelion (Figure 3c¢,d) enhances rel-
ative cooling over the Afre-Eurasian-Afro—Eurasian continent to the west of the Indo-Pacific
ITCZ, while austral summer perihelion (Figure 3a,b) increases heating over the Australian
landmass. This reversed {PGH-continental thermal contrast eauses-leads to an eastward shift

of the ITCZ and IPWP. The resulting El Nme-hke#b&ekgreﬂﬂd—ehﬁr&te—prerﬂetes—%reﬁger

atmosphere-oeean—Nino-like back round climate 11ke1 favors stron er atmos here —ocean
coupling in the tropical Pacific ; : 3

enhanees-and enhanced ENSO acrivity.

Hence, we propose that the-perihelion-and-aphelioneombined-asymmetric continental
heating ﬁmeﬂﬂy%%ﬁmmmmww acts

as a key
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Figure 3. Empirical orthogonal function analysis of boreal summer (June—July—
August; a, b), boreal winter (December—January—February; c, d), and annual mean
(e, f) moist static energy variability over a precessional cycle (eccentricity = 0.058). (a,
¢, e) Color shading shows the spatial patterns of the leading empirical orthogonal function modes,
accounting for 96.2%, 61.4%, and 90.8% of the total variance, respectively. Blue and red contours
indicate the Indo-Pacific Intertropical Convergence Zone positions at precessional phases 90° and
270°, respectively. Magenta dashed lines mark the latitude of overhead Sun. The dashed black
line shows the average zonal position of the Indo-Pacific Intertropical Convergence Zone over the
precessional cycle. (b, d, f) Time series of the leading empirical orthogonal function mode (black),
with orange and green lines marking the latitude of overhead Sun at the time of perihelion and

aphelion, respectively (Yang et al., 2024).

«driver of

the changes in background coupling of the tropical mean state, for example, the east—west
migration of ITCZ, Walker circulation and the IPWP. Next, we investigate how this mean-state
reorganization modifies ocean—atmosphere coupling and ENSO variability.

Tropical Pacific mean-state control of ENSO feedback efficienc

Above, we have demonstrated that precession-induced asymmetric continental heating
can reorganize the tropical Pacific mean state, including zonal shifts in the Walker circulation,
the ITCZ, the IPWP, and changes in the equatorial thermocline structure. Building on these
mean-state changes, we next investigate how the reorganized tropical Pacific background
state regulates ENSO variability through changes in air—sea coupling efficiency. Previous
studies have shown that ENSQ variability depends not only on the magnitude of initial
ocean_atmosphere disturbances, but also on the background climate state that determines
the efficiency of coupled ocean atmosphere feedbacks (Molina et al., 2026; Fedorov & Phi-
lander, 2001; Cai et al., 2018). The growth of ENSQ events is primarily governed by

—11—



411

412

413

414

416

417

418

419

420

421

422

423

424

426

427

429

430

431

432

434

435

436

437

439

440

442

443

444

445

446

447

448

449

450

452

453

455

456

457

458

459

460

461

462

463

the Bjerknes positive feedback (Jin et al., 2006; Bjerknes, 1969b), which consists of three

ANAR A ANNANRENRARAANSARS

interconnected processes: the atmospheric response of wind stress to SST anomalies (1), the
dynamical response of the thermocline to wind stress anomalies (8), and the thermodynamic
conversion of subsurface ocean temperature anomalies associated with thermocline variations.
into SST anomalies (o). Together, these feedback components form a positive feedback loop
that amplifies initial disturbances and promotes the growth of El Nifio and La Nina events.

The efficiency of these coupled feedbacks is highly dependent on the location of the
sensitive air_sea coupling region (C. Wang & Picaut, 2004). The most effective coupling
generally occurs near the castern edge of the IPWP rather than within its warmest core
(Guilyardi et al., 2009). The warm-pool interior maintains persistent deep convection,
where atmospheric convection is frequently active and becomes less sensitive to small SST
perturbations because it is constrained by atmospheric stability and moisture availability
rather than SST forcing alone. In contrast, the eastern edge of the warm pool is located
within an SST range favorable for deep convection (approximately 28°C), where relatively
small SST anomalies can induce substantial changes in convection, precipitation, and latent
heat release. These atmospheric responses can further modify the Walker circulation and
surface wind field, which in turn regulate upper-ocean stratification and MLD and ultimately
influence ENSO feedback efficiency (P. N. DiNezio et al., 2012; Fedorov et al., 2020; Cai et
al., 2021). Therefore, shifts in the zonal position of the eastern edge of the IPWP relocate the
region of maximum air_sea coupling sensitivity. Such changes provide a physical pathway
through which external forcing can regulate ENSO variability by modifying coupled feedback
efficiency.

The 24 precession simulations reveal a clear orbital modulation of ENSO amplitude
(Figure 4). During the strong ENSO phase associated with 255°-300° precession, the Walker
circulation and the IPWP shift significantly eastward, accompanied by weakened equatorial
easterly wind stress. These atmospheric adjustments are associated with substantial changes
in_upper-ocean structure, including a shallower mixed layer in the warm pool, enhanced
upper-ocean stratification, and a reduced background warm-water reservoir in the western central
Pacific. These changes indicate reduced oceanic thermal inertia, which leads to enhanced
sensitivity of SST anomalies to_atmospheric perturbations. Meanwhile, WWBs become
stronger under this background state. The castward displacement of the IPWP eastern
edge shifts the sensitive air_sea coupling region toward the central Pacific, while the reduced
oceanic thermal inertia allows the upper ocean to respond more efficiently to wind perturbations.

Consistent with these mean-state changes, all three components of the Bjerknes feedback
increase (Figure 4i-1), with the thermodynamic feedback exhibiting a particularly pronounced
enhancement, The atmospheric feedback (4) increases because SST anomalies more effectively.
modify atmospheric circulation and wind stress near the displaced warm-pool edge. The
dynamical feedback (3) is enhanced because wind stress anomalies more efficiently perturb
thermocline depth. In addition, the shallower thermocline and stronger upper-ocean stratification.
increase the efficiency of converting subsurface ocean temperature anomalies associated with
thermocline variations into surface warming or cooling, leading to an enhanced thermodynamic
feedback (a). Therefore, the combined Bjerknes feedback gain (BJ = pfa) reaches its
maximum near 270° precession. The strengthened positive feedback loop amplifies initial
ocean atmosphere disturbances and produces larger ENSQO variability.

In contrast, ENSO variability is substantially reduced during the precessional phase
between 75°-135°. The standard deviation of Nino3 SST anomalies reaches its minimum,
while the Walker circulation and IPWP remain shifted westward. Stronger background
casterly winds maintain_a _more stable cold-tongue structure and inhibit the growth of
SST_anomalies, while the warm pool upper ocean exhibits a deeper mixed layer, weaker
stratification, and a larger thermal reservoir. Under these conditions, the efficiency of
air_sea coupling decreases. The westward displacement, of the IPWP eastern edge reduces
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Figure 4. Mean-state and coupled-feedback diagnostics across the 24 precession ex-
periments. Left column (mean state): (a) Nifio3 amplitude; (b) Walker-circulation center lon-
gitude; (c) equatorial zonal wind stress; (d) precipitation-weighted tropical convection centroid
(shared Intertropical Convergence Zone/Indo-Pacific Warm Pool migration surrogate); (e) mixed-
layer depth; and (f) upper-ocean stratification. Right column (coupled feedbacks): (g) westerly
wind burst intensity; (h) regional warm-water volume proxy based on equatorial Zao; (i) wind feed-
back u; (j) ocean dynamical response 8; (k) thermocline feedback «; and (1) integrated Bjerknes loop
gain pfBa. Pearson correlations (r) with Nino3 amplitude are shown in each panel. Strong El Nifio—
Southern Oscillation phases consistently coincide with an eastward-displaced Walker circulation
and warm pool, weaker trade winds, a shallower mixed layer, enhanced upper-ocean stratification,
and stronger Bjerknes-loop efficiency. Error bars show 95% confidence intervals where available.
Dashed lines denote multi-experiment means. Definitions and calculation methods are summarized

in Supplementary Table S3.

the sensitivity of atmospheric convection and wind stress to SST anomalies, weakening the
atmospheric feedback (1), The reduced response of the thermocline to wind forcing decreases
the dynamical feedback (3). while the deeper thermocline and weaker stratification inhibit
the transfer of subsurface ocean anomalies to_the surface. reducing the thermodynamic
feedback (a). Consequently, the combined Bjerknes feedback gain (BJ = ufa) reaches
a minimum, preventing initial disturbances from undergoing sustained amplification and
resulting in weaker ENSO variability.

Together, these results demonstrate that precessional forcing does not regulate ENSO
variability simply by shifting the tropical Pacific toward a mean El Nino-like or La Nina-like

state. Instead, external forcing (like precession) modifies the background climate state,
including the Walker circulation (P. N. DiNezio et al., 2013; Fedorov et al., 2020), IPWP
position (Thirumalai et al., 2024; Molina et al., 2026; Pontes et al., 2022), surface wind

ACARRAAANAAN
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field, mixed-layer structure, and upper-ocean stratification (Cai et al., 2018; Tuckman &
Yang, 2026), thereby regulating the efficiency of tropical Pacific air—sea coupling. These
mean-state adjustments collectively modulate the three components of the Bjerknes feedback

,and «). In our simulations, enhanced upper-ocean stratification plays a particularl

important role by strengthening the thermodynamic feedback («), while the concurrent
increase in atmospheric wind feedback further amplifies the total Bjerknes feedback

efficiency. Together, these processes explain the enhanced ENSO variability near the 270°
recession phase by establishing a background state with more efficient ocean—atmosphere

coupling.

Evidence from geological proxy reconstructions

40°N —

O Mg/CaSST

O Alkenone SST

5 Precipitation Proxy
—— IPWP (Precession 90°)
—— IPWP (Precession 270°)

120°W 0°W 50°W
Precipitation Anomaly [mm/day]

150°W

-4 -3 -2 -1 0 1 2 3

SST Anomaly [°C]

Figure 5. Zonal migration of the Indo-Pacific Intertropical Convergence Zone and
Indo-Pacific Warm Pool inferred from climate model simulations and geological
records. Shading depicts sea surface temperature anomaly and convective precipitation anoma-
lies between two precessional extreme states of El Nino—Southern Oscillation intensity (precession
phases at 90° and 270°). Contours delineate the Indo-Pacific Warm Pool boundaries, defined by the
27°C isotherm, for precession phase 270° (red) and 90° (blue). Symbols on ocean and land denote
proxy-reconstructed changes from early to late Holocene: circles indicate sea surface temperature
anomalies from Mg/Ca records, squares denote sea surface temperature anomalies from alkenone
(U;f;/) records. Green triangles denote precipitation reconstructions from multiple methods indicat-
ing wetter early Holocene conditions relative to the late Holocene, whereas brown triangles imply
drier early Holocene conditions. Due to the limited availability of quantitative precipitation recon-
structions, these trends are directly taken from previous studies. Matching colors between symbols
and background shading reflect consistent trends between proxy reconstructions and model simu-
lations. More detailed information on the sea surface temperature and precipitation proxies can be

found in Supplementary Tables S1-S2, respectively.

Having diagnosed the model-based pathway linking precession-driven mean-state reorganization
to ENSQO variability, we next evaluate whether the simulated ENSO-variability and Indo-Pacific

mean-state changes are consistent with geological evidence. Although our precessional ex-

periments represent an idealized framework that simplifies real-world complexity, they still
provide valuable insights into ENSO-related climate variability during periods primarily
driven-strongly influenced by precession. These insights can be evaluated using geological
archives, which provide empirical benchmarks for assessing model performance. Notably,
theHelocene—elimate—changes—isforeed—primarilyTHolocene climate change was strongly
influenced by a shift in precession phase from 90° to 270°, accompanied by a wealth of
proxy-based climate reconstructions (Lu et al., 2018). Multiple proxy-based ENSO variabil-
ity records consistently indicate weaker ENSO activity during the early to mid-Holocene,
followed by a gradual intensification during the late Holocene (Supplementary Figure S9)
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(Moy et al., 2002; Conroy et al., 2008, 2009; Koutavas & Joanides, 2012; Emile-Geay et
al., 2016; Thompson et al., 2017). Taken together, these observational findings are in good
agreement with the simulated response to precession-driven changes in climate.

Paleoclimate records also help assess changes in the mean climate state simulated in
our experiments, such as the zonal migration of the ITCZ and the IPWP. Even—+though
Although our experiments amplify the precessional forcing, the sign of the climate ehanges
due-to-preeessionshenld-beresponses associated with precession is independent of the ehesexn
prescribed eccentricity (Supplementary Figure S2). During the early Holocene, precipitation
reconstructions from Southeast Asia and North Africa mdlcate wetter condltlons than in the
Late Holocene- stradic >+, whereas records
WM&MWM durmg thls perlod (Flgure 45). These hy-
droclimate patterns s g ‘ 4 -om-are broadly
consistent with our simulated westward-displaced ITCZ during precession phase 90° (Early
Holocene) $o-and its subsequent eastward migration toward 270° (Late Holocene). In ad-

dition to precipitation records, tropical marine sediment cores provide further evidence for
changes in Indo-Pacific temperature associated with ITCZ migration. We compiled available
SST records derived from Mg/Ca and alkenone across the Indo-Pacific. These data suggest
a westward shift of the IPWP during the Early Holocene, as reflected by warmer SSTs in the
western IPWP and cooler SST's in the east, relative to the Late Holocene (Figure 45; see also
Supplementary Figure S10 for robustness). These multiproxy comparisons provide streng
broad empirical support for the simulated shifts in the IPWP and ITCZ from precession
90°+66-276°90° to 270°. We also note that there are some mismatches-between—simulation
and-proxiesregional mismatches between simulations and proxy reconstructions. For ex-
ample, the-reconstrueted-inereased-rainfall-over northern—-Australia—reconstructed rainfall

records from northern Australia indicate wetter conditions during the early Holoceneisot

rather—than—, whereas our simulations show a drying tendency associated with the mean
ITCZ position. We attribute this discrepancy to the possibility that northern Australian

hydroclimate records capture episodic ENSO-related rainfall variability, rather than solel
the mean-state influence of ITCZ migration. The westward-shifted ITCZ and La Nifia—like

baekereund-Nina-like background state during the early Holocene could inerease-thefood

have enhanced the occurrence of extreme rainfall and flooding events in Australia (Denniston
et al., 2013; Barr et al., 2019).

Together, these geological constraints provide independent observational support for the
simulated precession-driven reorganization of the tropical Pacific mean state, particularl
the zonal migration of the ITCZ and the IPWP,

4 Conclusion and Discussion

QWN&
ENSO _variability responds to precessional forcing, We demonstrate that ENSO variability
exhibits a pronounced precessional modulation, with the strongest variability occurring
around the 2707 precession phase (like the modern orbital configuration) and substantially
weakened ENSO _activity near the 90° phase (like the early Holocene configuration). This
modulation arises because precession alters the seasonal and hemispheric distribution of

insolation, thereby generating east—west asymmetric continental heating between the Australian

and Afro-Eurasian continents and subsequently reorganizing the tropical Indo-Pacific mean
state. Specifically, during the 2707 precession phase, perihelion occurs in austral summer,
resulting in enhanced radiative heating over Australia, which is located to the west of the
IPWP. In contrast, during boreal summer, aphelion reduces seasonal radiative heating over
the Afro-Eurasian continent, which lies adjacent to_the eastern side of the IPWP. This
hemispherically asymmetric continental thermal forcing drives a northeastward shift of the
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IPWP _and the center of deep tropical convection, triggering mean-state adjustments in
the ENSO-sensitive western_central Pacific region. These adjustments feature an eastward
displacement of the Walker circulation, weakened equatorial trade winds, a shallower mixed
layer, reduced upper-occan WWYV. and intensified ocean stratification. Meanwhile, weakened
background trade winds favor stronger WWB activity, further modifying the oceanatmosphere
coupling processes _that regulate ENSO_growth. These coordinated mean-state changes
collectively enhance the efficiency of the Bjerknes feedback, with the thermocline feedback
«) providing a particularly important contribution. Consequently, ENSO variability reaches
its maximum amplitude near the 270° precession phase. In contrast, the opposite mean-state
configuration during the 90° phase reverses these processes, resulting in reduced coupling
efficiency and the weakest ENSQ variability. Therefore, our study extends the classical
framework of externally forced ENSO variability by identifying the specific pathway through
which precession reorganizes the tropical mean state and by highlighting the important role
of Indo-Pacific upper-ocean warm water structure in regulating ENSO _coupling sensitivity.

A key advance of this study is the clarification of the physical pathway through which
recessional forcing reorganizes tropical mean-state conditions. Previous studies have attributed

the reduced ENSO activity during the Early-Middle Holocene to a suite of tropical Pacific
background-state changes, including intensified Asian summer monsoon senhaneed-circulation
(Liu et al., 2000), an enhanced zonal Walker circulation (White et al., 2018; Dang et al.,

ARSI

2020), mﬁeﬁ&dﬁedrs stronger equatorial trade winds (Pausata et al. 2017) %Efeﬂgei"m
eastern Pacific upwelling ;atargerPaeifie-east—west—-(White et al 2018; Lu et al., 2019), a

westward-displaced ITCZ (Pontes et al., 2022) Vavr\llvlg‘ggrlslﬁedwvvwgfggglv SST gradient (Sadekov
et al., 2013), and %@%&eﬁwm&%m%WWg
an’co the equatorlal thermochne %&%ﬁ%&%ﬁg—ﬂiﬁ&%&eﬁeﬁ

respense(L. Chen et al., 2019 Lu et al 2025) MVIM%WC
mean-state variables are strongly coupled and co-vary under the influence of muliiple external
forcings (P. N. DiNezio et al., 2012; N. Wang et al., 2024), making it challenging to isolate
the direct role of precession and determine the pathway linking orbital forcing to tropical
Pacific reorganization. Based on high-resolution simulations spanning a complete precession
cycle, we demonstrate that these previously identified, seemingly independent mean-state
adjustments originate from a common dynamical source: precession-induced hemispheric
asymuetric continental heating. This mechanism establishes a direct physical connection
between orbital insolation forcing and tropical Pacific mean-state evolution, providing a
unified explanation for how precession affects ENSO variability.

M@P}E our results meeh&m%ﬁe&ﬂyhiﬂeﬁfeeesﬁeﬁ-dﬁveﬁﬁsﬂﬁme%ﬁ&eeﬂﬁﬂeﬂﬁa}

%Heglf}%e%h&demonstrate that external forcing does not re ulate ENSO varlablht

simply by shifting the mean climate state toward an El Nino-like or La Nina-like background
condition (Okumura et al., 2011; P. N. DINGZIO et al 2012)M1Q§‘g\qa£iMENSO V&ff&bﬂﬂﬁe&

GH—%he—WBSEePH—ﬁd(%V&I‘IabIht rlmarll controlled throu h changes in the efﬁc1enc of
ocean—atmosphere couplin Wlthln the tropical Pacific mean state. This mechanism shares
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fundamental similarities with ENSO responses under anthropogenic warming. Previous
studies sugeest that greenhouse warming may intensify ENSO variability by strengthenin

upper-ocean stratification (Cai et al., 2018; Tuckman & Yang, 2026), promoting an eastward
expansion of the IPWP (Thirumalai et al., 2024; Molina et al., 2026), weakening the Walker

circulation and equatorial trade winds (P. DiNezio et al., 2011; P. N. DiNezio et al., 2013),
and modifying the structure of wind stress anomalies (Stuivenvolt-Allen et al., 2025), thereby
enhancing the Bjerknes feedback and increasing the intensity and/or frequency of extreme
ENSO events (P. DiNezio et al., 2010). Although precessional forcing and anthropogenic
greenhouse forcing differ fundamentally in_their external origins, both influence ENSO
through a common dynamical pathway: reorganizing the tropical Pacific background state
and modifying the efficiency of coupled occan_atmosphere feedback (P. N. DiNezio et al.,
2012; Fedorov et al., 2020; Cai et al., 2021). Under the 270° precession configuration,
eastward migration of the IPWP —which-may—eontributeto-a—westward-shift-of-both—the

) i3

this—and Walker circulation, decreased western central Pacific WWYV. a shallower mixed

layer and intensified upper-ocean stratification reduce the thermal inertia of the western
Pacific warm pool. This allows modest climatic perturbations to initiate stronger Bjerknes
feedback and consequently promotes heightened ENSO variability. This explains why ENSO
variability reaches its maximum amplitude under the modern-like precession configuration
relative to other phases within the simulated precession cycle. Therefore, our results provide
a_broader perspective for understanding how variations in_climate mean_states regulate
ENSO variability across different external forcing scenarios.

In summary, this study identifies precession-driven asymmetric continental thermal

forcing

extreme eventsas a fundamental driver of tropical Indo-Pacific mean-state reorganization and
further demonstrates that changes in IPWP position, upper-ocean stratification, thermocline
feedback, and the overall Bjerknes feedback system constitute key dynamical pathways
through which ENSQO variability responds to background climate changes. The proposed
mechanism, linking orbital forcing to mean-state adjustment, air_sea coupling efficiency,
and ENSO amplitude modulation, advances our understanding of astronomical-scale ENSO
evolution and provides a physically based framework for interpreting ENSO responses under
future climate change scenarios and associated changes in climate extremes.
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