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Abstract The dynamics shaping the El Nifio-Southern Oscillation's (ENSO) response to present and future
climate change remain unclear, partly due to limited paleo-ENSO records spanning past abrupt climate events.
Here, we measure Mg/Ca ratios on individual foraminifera to reconstruct east Pacific subsurface temperature
variability, a proxy for ENSO variability, across the last 25,000 years, including the millennial-scale events of the
last deglaciation. Combining these data with proxy system model output reveals divergent ENSO responses to
Northern Hemisphere stadials: enhanced variability during Heinrich Stadial 1 (H1) and reduced variability during
the Younger Dryas (YD), relative to the Holocene. H1 ENSO likely intensified through meltwater-induced
changes to ocean/atmospheric circulation, a response observed in models, but the lack of a similar response during
the YD challenges model simulations. We suggest the tropical Pacific mean state during H1 primed ENSO for
larger fluctuations under meltwater forcing, whereas the YD mean state likely buffered against it.

Plain Language Summary The El Nifio-Southern Oscillation (ENSO) is one of the planet's largest
and most influential recurring climate patterns. The fluctuation between warm (El Nifio) and cold events (La
Nifia) every several years has a substantial impact on global weather patterns that carry important
socioeconomic consequences. How the frequency and severity of ENSO events may change in response to
present and future climate change is largely uncertain, although lessons from past abrupt climate events can help
inform our projections of future ENSO. To that end, we analyzed the chemical composition of small, individual
zooplankton shells buried in marine sediments to reconstruct “snapshots” of subsurface temperature variability
in the eastern Pacific, a feature closely linked to ENSO, over the last 25,000 years. During this time, two abrupt
climate events induced by melting glacial ice (“Heinrich Stadial 1” and the ““Younger Dryas”) were
characterized by different ENSO responses (stronger and weaker, respectively). We suggest that the average
climate conditions in the tropical Pacific (temperature, wind strength, etc.) played an important role by either
priming the ENSO system for disruption by meltwater (Heinrich Stadial 1) or buffering against it (Younger
Dryas).

1. Introduction

As the Earth system's largest source of interannual climate variability, the El Nifio-Southern Oscillation (ENSO)
exerts a considerable influence over global temperature and precipitation patterns that have a profound impact on
people's lives, livelihoods, and health (Glantz, 2001; IPCC, 2021). In recent decades, the socioeconomic effects of
three record-breaking El Nifio events (1982/83, 1997/98, and 2015/16) have emphasized the need to better un-
derstand ENSO's sensitivity to global climate change and its potential response to future warming. Projections of
future ENSO amplitude and frequency—collectively referred to as ENSO variability—are not well constrained
(Collins et al., 2010; IPCC, 2021), underscoring the need for a more detailed understanding of how abrupt climate
change influences the processes and feedbacks that govern ENSO behavior. The instrumental record, while
sufficient to improve near-term ENSO forecasts (L’Heureux et al., 2020), is too brief to fully constrain long-term
ENSO dynamics. Instead, a network of paleoclimate observations is required, particularly across periods of
naturally abrupt climate change, to broaden our perspective of ENSO variability and its relationship to mean
tropical climate (Emile-Geay et al., 2020).

Reconstructions of past ENSO variability from coral skeletons (Cobb et al., 2013; Emile-Geay et al., 2016; Grothe
et al., 2020; McGregor & Gagan, 2004; Tudhope et al., 2001), marine bivalves (Carré et al., 2014, 2021; Emile-
Geay et al., 2016), lake sediments (Conroy et al., 2008; Moy et al., 2002; Rodbell et al., 1999), and marine
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sediment cores (Ford et al., 2015; Koutavas et al., 2006; Koutavas & Joanides, 2012; Leduc et al., 2009; Rein
et al., 2005; Rustic et al., 2020; Sadekov et al., 2013; White et al., 2018) have been instrumental in constraining
ENSO behavior over the Holocene and the LGM. However, there is a scarcity of ENSO-resolvable records
spanning the last deglaciation—a period of global warming characterized by millennial-scale fluctuations in
surface temperatures (Shakun et al., 2012), atmospheric CO, concentrations (Bereiter et al., 2015; Petit
et al., 1999), ice sheet extent (Bentley et al., 2010; Carlson et al., 2008), and oceanic and atmospheric circulation
(Broccoli et al., 2006; McManus et al., 2004; Reimi & Marcantonio, 2016; Schmidt et al., 2012; Them
et al., 2015). There is little agreement as to how ENSO responded to deglacial climate change among the few
paleo-ENSO records available from this interval. It is difficult to determine whether these disagreements are a true
reflection of ENSO history or arise due to conflicting environmental signals and other sources of uncertainty
obscuring the ENSO signal preserved in the sedimentary record (see Supporting Information S1). Without
additional data and a standardized method for comprehensively treating proxy uncertainty, our knowledge of
deglacial ENSO remains thin (Lu et al., 2018).

At present, our best understanding of deglacial ENSO dynamics comes from paleoclimate modeling. Sensitivity
experiments from the transient climate simulation TraCE-21ka (hereafter TRACE) suggest ENSO underwent
substantial millennial-scale changes across the last deglaciation in response to variations in meltwater discharge
(Z. Liu et al., 2014). In these simulations, a meltwater-induced disruption of oceanic and atmospheric circulation
weakens the equatorial annual cycle in the eastern equatorial Pacific (EEP), relaxing its phase-locked relationship
with ENSO which enhances variability. Similar findings from freshwater hosing experiments across multiple
fully coupled general circulation models (Braconnot et al., 2012; Luan et al., 2015; Merkel et al., 2010; Tim-
mermann, Lorenz, et al., 2007; Timmermann, Okumura, et al., 2007) indicate a prominent role for remote
meltwater forcing in shaping deglacial ENSO variability. However, improving paleodata coverage across the last
deglaciation is necessary to evaluate the validity of this simulated meltwater influence.

To that end, we present new records of subsurface temperature variability from high-resolution piston core
MV1014-02-17JC (0.18°S, 85.87°W, 2,846 m; hereafter 17JC) and nearby multicore MV1014-02-09MC (0.69°S,
85.33°W; 2,452 m; hereafter 09MC) in the heart of the EEP (Figure 1a). El Nifio and La Nifia events strongly
modulate the depth of the thermocline in this region (Fiedler & Talley, 2006), and so reconstructions of subsurface
temperature variability have been used to infer ENSO variability in the past (Ford et al., 2015; Leduc et al., 2009;
Thirumalai et al., 2013). We analyze the single-shell trace element composition of the thermocline-dwelling
foraminifera Neogloboquadrina dutertrei to reconstruct the distribution of Mg/Ca-derived paleotemperatures
from several targeted time horizons spanning the last 25,000 years (25 ka). The relatively high sedimentation rate
in 17JC (~18 cm/kyr) allows us to resolve the millennial-scale events of the last deglaciation more clearly than
has been achieved by prior single-shell Mg/Ca reconstructions (Sadekov et al., 2013; White et al., 2018). We
support our paleo-ENSO reconstruction with simulations from the new Quantile Analysis of Temperature using
Individual Foraminiferal Analyses (QUANTIFA) proxy system model (Glaubke et al., 2021), which provides a
comprehensive framework for constraining uncertainties intrinsic to individual foraminiferal analyses (IFA), as
well as robust tools for deconvolving the ENSO signal from other sources of paleotemperature variability. Our
findings offer new insights into deglacial ENSO behavior and provide crucial observational context for ENSO
simulations (Lu et al., 2018).

2. Material and Methods
2.1. Age Model

The age model for 17JC is based on 18 published radiocarbon dates on pooled specimens of N. dutertrei
(>250 pm) (Table S1 in Supporting Information S1; Loveley et al., 2017; Schimmenti et al., 2022). Radiocarbon
ages were converted to calendar years using the Bayesian statistical package “rbacon” for R and the Marine20
calibration data set with an age correction of 500 years (Blaauw & Christen, 2011). For the core-top of 09MC, one
radiocarbon date on a pooled sample of N. dutertrei (>250 pm) was calibrated using the latest version of the Calib
software (v8.2) and the Marine2( data set, yielding a core-top age of 1.97 £ 0.16 ka. The average sedimentation
rate for 17JC is ~18 cm kyr™' based on linear interpolation between radiocarbon dates (Figure S1 in Supporting
Information S1), resulting in a nominal sampling resolution of ~55 years cm™'. Allowing for a bioturbation depth
of 5-10 cm (Solan et al., 2019) and assuming a constant sedimentation rate, a simple biodiffusion model (Berger
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. Subsurface Temperature Variability (1958 - 2018)
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Figure 1. ENSO's contribution to subsurface temperature variability in the eastern equatorial Pacific (EEP). (a) Subsurface temperature variability within the EEP
between 40 and 120 m depth (data from Ocean Reanalysis System 5; Zuo et al., 2019). The location of cores 17JC and 09MC are designated by the black triangle. (b) The
pattern of the first empirical mode (EOF1), which strongly resembles the spatial footprint of an East Pacific El Nifio. (c) The temporal variability of principal component
1 (PCI; black) and its correlation to both atmospheric (Southern Oscillation Index, or SOI; red) and oceanic indices of ENSO (Nifio 3.4 sea surface temperature
anomaly; blue). The record-breaking El Nifio events of the last few decades are denoted in the time series.

& Heath, 1968) suggests ~85%—94% of randomly selected foraminifera from a single interval would have been
deposited within £550 years of the sample's nominal age.

Previously published down-core records from 17JC can be found in their respective publications (Loveley
et al., 2017; Schimmenti et al., 2022). Isotopic stratigraphy can be found in Supporting Information S1.

2.2. Individual Foraminiferal Analyses

Atleast 70 individual N. dutertrei (450-500 pm) were collected from seven discrete intervals in 17JC and 09MC,
a sample size that has been shown to sufficiently capture population statistics (Thirumalai et al., 2013). The
selected intervals span the late Holocene (LH; 1.97 ka), the early Holocene (EH1 and EH2; 8.49 and 10.1 ka,
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respectively), the YD (12.3 ka), the Bglling-Allergd (BA; 13.4 ka), H1 (14.9 ka), and the LGM (19.7 ka) (Table
S2 in Supporting Information S1). Whole N. dutertrei shells were loaded into micro-centrifuge vials, immersed in
ultra-pure water, and gently crushed. Samples were sonicated for 15-20 s in ultra-pure water (5x) and methanol
(2x) to remove clays, treated with a hot oxidizing solution to eliminate remnant organic matter, centrifuged at
7,000 rpm for 60 s, and transferred into new acid-leached vials. The reductive step and the final weak nitric acid
leach were eliminated to minimize sample loss. All clean work was conducted in laminar flow benches under
trace metal clean conditions.

Samples were dissolved in 2% nitric acid and run on an Element XR HR-ICP-MS at Old Dominion University.
Long-term analytical precision (16) across all runs was 2.38%, 1.18%, and 0.81% for three consistency standards
with Mg/Ca ratios of 0.803, 1.419, and 2.034 mmol/mol, respectively (n = 20). Al/Ca, Fe/Ca, and Mn/Ca ratios
were monitored as indicators of cleaning efficacy, while **Ca intensities were viewed as an indicator of sample
size. Approximately 15%-25% of individuals per time slice returned high Al/Ca, Fe/Ca, or Mn/Ca ratios
(>150 pmol/mol) or low percent recovery (<15%) and were rejected. No systemic relationship was observed
between Mg/Ca and our cleaning indicators (Figure S3 in Supporting Information S1). Mg/Ca ratios were
translated to subsurface temperatures using a species-specific N. dutertrei equation developed in the east Pacific
with a static dissolution correction term included as a function of core depth (Dekens et al., 2002).

2.3. Data Analysis and Proxy System Modeling

To assess differences in structure between our reconstructed paleotemperature distributions, we use quantile-
quantile analysis, a non-parametric method of comparing distribution data that has become the standard for
IFA studies (Ford et al., 2015; Thirumalai et al., 2019; White et al., 2018). Quantile plots conveniently capture
differences in spread, skew, and shape between two distributions in one plot; however, exactly how these dif-
ferences translate to changes in high-frequency climate variability is difficult to determine from the plots alone.

We therefore compare the structure of the quantile-quantile plots against idealized results from a suite of hy-
pothetical, forward-modeled climate scenarios simulated by the proxy system model QUANTIFA (Glaubke
et al., 2021). In these statistical experiments, the ENSO (amplitude and frequency) and annual cycle signals in
reanalysis ocean temperature data from our location are systematically modified from their modern climatologies
(from —100% to +100% at 10% increments) and forward modeled into Mg/Ca ratios to create pseudoproxy
records of altered climate variability (n = 440; see Supporting Information S1). These records are repeatedly
subsampled (n = 10,000) and compared to populations from a pseudoproxy record of modern climate variability
—an exercise analogous to our IFA analysis—to generate characteristic quantile-quantile structures describing
the data's expected response to altered climate variability. These simulations also provide 1o uncertainties rep-
resenting the full propagation of analytical, calibration, and sampling errors (Glaubke et al., 2021), as well as
uncertainty in the living depth and growth season of N. dutertrei (see Supporting Information S1). We align our
results against these simulations to determine the set of hypothetical climate scenarios that best match our ob-
servations, which are marked as “hot spots” in a series of data-model consistency maps (see Figure S4 in Sup-
porting Information S1 for theoretical examples).

For more information on QUANTIFA's statistical framework, model parameterizations, and uncertainties, see
Glaubke (2023) and the Supporting Information S1.

3. Climate Controls Over IFA Distributional Shape

Multiple sources of climatological and ecological variability are incorporated into the IFA-derived paleo-
temperature distributions. Layered on top of this amalgamized environmental signal is uncertainty associated with
the physical recovery and analysis of individual foraminifera. Before using IFA to reconstruct ENSO, we must
first establish that the ENSO signal dominates ocean temperature variability in the region and that it stands out in
local IFA populations amidst the “noise” of other sources of variability.

In the EEP, upper ocean temperature variability is primarily driven by the annual cycle and ENSO phase changes
(Fiedler & Talley, 2006). Both signals contribute equally to the variability observed in the surface ocean;
however, the influence of the annual cycle is more muted at depth (Fiedler & Talley, 2006). In the subsurface,
where N. dutertrei generally reside (76 + 41 m) (Ford et al., 2018), a principal component analysis of Ocean
Reanalysis System 5 (ORA-S5) temperatures identifies ENSO as the dominant component of regional
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spatiotemporal variability (Figure 1). This subsurface ENSO fingerprint can be attributed to migrations of the
regional thermocline during ENSO events, which mooring arrays and isolated hydrographic casts reveal induces
large temperature anomalies in the EEP subsurface (Figure S5 in Supporting Information S1).

We use the idealized results from QUANTIFA to determine how clearly this ENSO-dominated signal is preserved
in reconstructed paleotemperature distributions at our core site, as well as how sensitive they are to changes in
ENSO variability and the annual cycle (Figure S6 in Supporting Information S1). The results suggest the strength
of the ENSO signal is more than twice that of the annual cycle (2.25x). The mean response of simulated quantiles
to changing ENSO variability (£0.58°C; 1o) is more readily detected than changes in the annual cycle (£0.27°C;
1o) given an average baseline uncertainty of +0.23°C attributable to foraminiferal ecology, random sampling, and
both analytical and calibration error. As such, ENSO variability is the most prominent signal shaping the pale-
otemperature distributions preserved by local N. dutertrei, whereas the influence of the annual cycle is largely
negligible with the small exception of a narrow range of hypothetical climate states. When ENSO variability is
reduced (<—40%), a stronger annual cycle (>+50%) can compensate for the resulting decrease in subsurface
temperature variability to resemble variability in the modern ocean, a scenario that is difficult to resolve by our
methodology (Figure S6 in Supporting Information S1).

This interpretive framework assumes stationarity in the EEP's sensitivity to ENSO-related temperature anomalies
through time. Given evidence from the Holocene that different ENSO "flavors" have distinct temperature ex-
pressions (Carlo et al., 2023; Carré et al., 2014; Karamperidou et al., 2015), our final conclusions are necessarily
limited to the East Pacific variety of ENSO. We also assume that N. dutertei's ecological preferences in space
(depth habitat) and time (seasonal productivity) remained similar across the deglaciation relative to when and
where ENSO anomalies are expressed in the EEP. Nevertheless, our statistical analysis demonstrates that the N.
dutertrei at our core site offer a robust representation of interannual temperature variations in the EEP, strongly
modulated by past ENSO variability. We therefore infer a discrete history of ENSO variability over the last 25 ka
by evaluating differences in the shape and structure of these paleotemperature distributions down-core.

4. ENSO Variability Over the Last 25,000 Years

Down-core paleotemperature distributions from 17JC are compared to the LH core-top distribution of 09MC in
Figure 2 (raw data can be found in Figure S7 of Supporting Information S1). Our results reveal regions of the
distributions, typically in both tails and in the cold spectrum of the distributional interior, where quantiles deviate
from a 1:1 equilibrium line beyond their 90% confidence envelopes (Figure 2; white circles). We observe a pattern
where the coldest (warmest) quantiles plot above (below) the 1:1 line in nearly all comparisons, an indication of
reduced paleotemperature variability. However, the comparison with H1 is different, with significant quantiles in
the interior deviating in the opposite direction (Figure 2e).

When compared to the results simulated by QUANTIFA, nearly all the maps associated with our core-top
comparisons show regions of data-model consistency concentrated in the third and, to a lesser extent, second
quadrants of the consistency map (Figures 3a-3d and 3f). These quadrants represent modeled scenarios of
reduced ENSO variability. The “hot spots” do not extend completely into quadrant two because it represents
scenarios where ENSO is reduced and the annual cycle is amplified which, as detailed above, our IFA populations
have difficulty resolving (Figure S6 in Supporting Information S1). Nevertheless, the clustering of data-model
consistency on the left-hand side of the maps strongly implies that ENSO variability was diminished for
nearly every interval relative to the LH. The sole exception to this pattern is H1 (Figure 3e). Here, we find that
data-model consistency is confined to quadrants one and four, a region representing scenarios of enhanced ENSO
variability. Our data therefore suggest that ENSO variability during H1 was stronger and/or more frequent than
any other time period considered here.

To visualize the evolution of inferred ENSO variability across the last deglaciation, we compute the barycenter (or
weighted geometric center) of the data-model consistency maps (Figure 3g), the x-coordinate of which provides a
rough estimate of ENSO change (%) relative to the LH for each of our sampled intervals (Figure 4a). The
barycenters emphasize the substantial increase in ENSO-related interannual variability during H1 (4+31%)
relative to the LH. The LGM, BA, and both EH intervals report similar reductions (~—43% to —46%) relative to
the LH, and the YD reported the lowest inferred variability (—56%). We emphasize that these barycenters are used
illustratively, rather than to provide empirical estimates of past ENSO variability. Nevertheless, they offer a
discrete history of ENSO evolution over the last 25 ka, beginning with a sharp intensification at the end of the
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Figure 2. Quantile-quantile plots of individual foraminiferal analyses population comparisons. Plots reveal significant differences between the (a and b) early Holocene,
(c—e) deglacial, and (f) LGM intervals relative to the LH. White quantiles significantly deviate from the 1:1 line with 90% confidence. Envelopes represent the 90%
confidence region incorporating ecological, sampling, analytical, and calibration error in both populations. Inset shows Gaussian kernel density estimates of each
paleotemperature distribution to illustrate differences in the shape of each distribution.

LGM, a decline in variability throughout the deglaciation, and an increase in variability across the Holocene
(Figure 4a). Notably, this record highlights an intriguing inconsistency in the ENSO response to Northern
Hemisphere stadials: strong variability during H1 and weak variability during the YD.

5. ENSO Intensification During Heinrich Stadial 1

Considering that all other sampling intervals show reduced variability relative to the LH, the pronounced increase
in ENSO-related variability during H1 is striking. In TRACE, a comparable response is observed in both the full
forcing simulation (Figure 4b; red line) and a single-forcing meltwater experiment (Figure 4b; blue line). The
authors attribute this ENSO behavior to reorganizations of oceanic and atmospheric circulation that modify
ENSO through its phase locking with the EEP annual cycle (Z. Liu et al., 2014)—a mechanism known as
“frequency entrainment” (Z. Liu et al., 2014). In many (An & Choi, 2014; Z. Liu et al., 2014; Timmermann,
Lorenz, et al., 2007)—although not all (Braconnot et al., 2012; Carré et al., 2021; Salau et al., 2012)—climate
models, ENSO can relinquish its natural oscillatory mode to acquire a more annual frequency when the annual
cycle is sufficiently strong, leading to a decrease in interannual variability (Chang et al., 1994, 1995; Z.
Liu, 2002). Conversely, weakening the annual cycle relaxes this phase locking, allowing for enhanced ENSO-
driven interannual variability. In TRACE, the influx of freshwater into the North Atlantic during H1 weakens
the strength of the Atlantic Meridional Overturning Circulation (AMOC), which in turn forces a southward shift
in the mean position of the Intertropical Convergence Zone (ITCZ). The more southerly ITCZ enhances trade
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Figure 3. Maps of data-model consistency between the observed results from 17JC and forward-modeled results simulated by
QUANTIFA. (a—f) Consistency maps reporting the proportion of significant quantiles (white circles identified in Figure 2)
that exhibit good data-model agreement (i.e., are within 1¢) with those same quantiles in each hypothetical climate scenario.
The total number of significant quantiles are labeled as “g” above the consistency maps. The provenance of the data-model
consistency “hot spots” is used to diagnose past climate variability relative to the LH, as illustrated in panel (g). (g) Location
of the barycenters for each data-model consistency map.

wind strength over the EEP, creating a more symmetrical north-south temperature gradient that dampens the
seasonality of surface temperatures entraining ENSO to the annual cycle (Lu et al., 2016; Timmermann, Oku-
mura, et al., 2007). Barring influences from other local or remote forcings (Z. Liu et al., 2014), the weakening of
the annual cycle allows for enhanced ENSO variability during H1.

Our data, taken together with existing records, are potentially consistent with the frequency entrainment hy-
pothesis during H1. During this period, proxy records from the Bermuda Rise (McManus et al., 2004) (Figure 4c)
provide evidence for a substantial slowdown of the AMOC and a compilation of speleothems from nearby
Ecuador (Mosblech et al., 2012) (Figure 4d) indicate an associated southward displacement of the ITCZ, both of
which would serve to weaken the annual cycle of the tropical Pacific (Z. Liu et al., 2014). Our IFA observations
indicate significantly enhanced subsurface temperature variability during this interval, which our proxy system
model attributes to ENSO-related interannual temperature variations (Figure 3). These results generally agree
with findings from a nearby paleo-ENSO reconstruction based on the same foraminiferal species (Sadekov
et al., 2013) and support an inferred increase in H1 ENSO variability relative to glacial conditions reported in
another (Leduc et al., 2009). This correspondence may suggest an emerging consensus over increased ENSO
variability during H1, despite disagreements over its magnitude relative to the Late Holocene (see Supporting
Information S1). However, the lowered sensitivity of our proxy environment to changes in the annual cycle
(Figure S6 in Supporting Information S1) precludes the robust identification of a weaker annual cycle during H1.
We suggest that future studies in properly targeted proxy environments could be paired with our data to further
establish the validity of the frequency entrainment hypothesis.

Unlike H1, intensification of ENSO does not occur during the YD, another millennial-scale climate event
associated with significant meltwater influx to the North Atlantic. In TRACE, meltwater forcing drives a peak in
ENSO variability (Figure 4b; blue line) that appears more subdued in the full-forcing simulation (Figure 4b; red
line) (Z. Liu et al., 2014; Lu et al., 2016). Our reconstruction shows the YD as the least variable interval of the last
25 ka, suggesting forcings other than meltwater may be at play.
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Figure 4. ENSO variability and its relationship to background climate conditions over the last deglaciation. (a) ENSO-related
interannual temperature variability estimated from the x-coordinate of the data-model consistency barycenters. (b) Simulated
ENSO variability from the full TRACE simulation (red) and meltwater forcing experiment (TRACE-MWF) (blue; Liu

et al., 2014) reported as sea surface temperature variability in the 1.5-7 years band from the Nifio3.4 region. (c) **'Pa/***Th
ratios from core GGCS5 on the Bermuda Rise, a proxy for Atlantic Meridional Overturning Circulation (AMOC) intensity
(McManus et al., 2004). Lower 2*'Pa/**°Th is interpreted as enhanced AMOC transport, and vice versa. (d) Composite
speleothem '#0 from Santiago Cave in Ecuador nearby our core site (3°1’S, 78°8'W), a record of shifts in the relative
position of the Intertropical Convergence Zone (ITCZ) (Mosblech et al., 2012). More depleted 8'8%0 values are indicative of
increased rainfall intensity brought on by a more southerly position of the ITCZ, and vice versa. (¢) A reconstruction of the
zonal SST gradient across the tropical Pacific (purple; Koutavas & Joanides, 2012) and the difference between March and
September insolation at the equator (gray). (f) Two records of east Asian hydroclimate in key ENSO-sensitive regions: Rb/Sr
ratios in lake core LC1 from Dajiuhu Basin, central China (teal; Zhang et al., 2021) and a composite speleothem 5'%0 record
from Borneo (slate blue; Partin et al., 2007). (g) Atmospheric carbon dioxide concentrations as recorded in air bubbles
trapped within the EPICA Dome C ice core from Antarctica (Liithi et al., 2008). The timing of the Younger Dryas and H1 is
represented by vertical gray bars. Radiocarbon dates from 17JC are indicated by the red triangles along the x-axis.
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6. An Inconsistent ENSO Response to Stadial Events: A Role for the Tropical Pacific
Mean State?

We propose that the influence of remote meltwater forcing on ENSO could be a function of the mean climate state
across the tropical Pacific—namely, whether it is conducive to the initiation and propagation of ENSO events.
During H1, insolation at the equator was at a maximum in March and a minimum in September, producing
differential heating across the Pacific that weakened the mean annual east-west surface temperature gradient
(Koutavas & Joanides, 2012) (Figure 4e). Consequently, the intensity of the Walker Circulation could have
diminished, weakening surface wind stress that would normally serve as a barrier against the eastward propa-
gation of warm surface waters at the onset of El Nifio (Clement et al., 2000). This mean state configuration of the
upper ocean/atmosphere could have preconditioned the tropical Pacific for the development of stronger, more
frequent, and/or more persistent El Nifio events (Clement et al., 1996). Indeed, the enhanced ENSO variability in
our H1 interval coincides with other proxy indications of a diminished Walker Circulation, including a minimum
mean annual zonal temperature gradient (Koutavas & Joanides, 2012) (Figure 4e) and drought-like conditions in
ENSO-sensitive regions such as Borneo (Partin et al., 2007) and central China (Zhang et al., 2021) (Figure 4f),
reinforcing this interpretation.

Following H1, the timing of maximum insolation on the equator began to shift from March toward September,
yielding a pattern of warming that increasingly reinforced the mean annual zonal temperature gradient across the
tropical Pacific (Figure 4e). In response, the Walker Circulation and the associated surface wind stress likely
strengthened, establishing background climate conditions more resistant to the development of ENSO events.
During the YD, such a mean state may have fortified the ENSO system against the disruption brought on from
meltwater and associated forcings.

The tropical Pacific mean state may have worked in tandem with other features of the global background climate
to modulate the influence of meltwater forcing over ENSO. For example, the more southerly mean position of the
ITCZ during H1, established by an extensive Laurentide ice sheet (Chiang & Bitz, 2005), may have made it more
likely for migrations associated with a weakened AMOC to influence the tropical Pacific ocean-atmosphere
system. As the ice retreated across the deglaciation, orbital precession became a more dominant influence
over ITCZ position, helping to buffer its migratory response to AMOC weakening (Mosblech et al., 2012). The
brevity of the YD event in the Santiago Cave speleothem composite from Ecuador (Figure 4d) suggests the state
of this ice sheet/insolation force balance may have resulted in an ITCZ migration too rapid to sustain the enhanced
ENSO variability simulated by TRACE. Additionally, an abrupt increase in atmospheric CO, concentrations
during the YD (Figure 4g) could have diminished ENSO-related variability (Z. Liu et al., 2014). The results from
TRACE suggest CO, was likely insufficient to counteract a meltwater-induced increase in variability during the
YD (Z. Liu et al., 2014). However, simulations from ultra-high-resolution climate models suggest rising CO,
concentrations can impact mesoscale processes in the atmosphere that dampen ENSO-related variability more
effectively than observed in lower resolution simulations (Wengel et al., 2021). These dynamics could have been
more prominent during the YD than H1 owing to its higher background CO, levels, although simulations of past
climate using these ultra-high-resolution models are required to confirm such mechanisms.

7. Conclusions

Taken together, our new paleo-ENSO record provides crucial observational context for the consistent link be-
tween ENSO and meltwater forcing reproduced in paleo-ENSO model simulations (Braconnot et al., 2012; Z. Liu
etal., 2014; Timmermann, Lorenz, et al., 2007; Timmermann, Okumura, et al., 2007). When considered alongside
other published data, our data suggest ENSO's response to meltwater forcing may depend on how primed the
tropical Pacific is to the development of frequent and/or extreme ENSO events. While not a perfect analog for the
future, this hypothesis is relevant for understanding future ENSO variability. Climate models suggest the zonal
temperature gradient of the tropical Pacific and trade wind strength may weaken under greenhouse warming
(Collins et al., 2010; Lee et al., 2022), and modern observations warn of a weakening AMOC in response to
Greenland ice melt (Boers, 2021; Caesar et al., 2021; Rahmstorf et al., 2015; Yang et al., 2016). The combined
influence of these background climate conditions during H1 might suggest enhanced ENSO variability in the near
future (Cai et al., 2015; W. Liu et al., 2023). In this context, modeling experiments testing the influence of
meltwater forcing under different mean state configurations are clearly needed to clarify ENSO dynamics both
during the deglaciation and in the future.
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