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The Pacific El Nifio-Southern Oscillation (ENSO) generates climate extremes that endanger ecosystems, infrastructure, and
human well-being worldwide. The response of this system to climate warming is poorly constrained, due both to data scarcity
and uncertainties in climate models. The geochemistry of Galapagos coral skeletons across the past millennium reveals a
large recent increase in interannual variability of sea surface temperature in the eastern equatorial Pacific compared to
existing paleorecords that exceeds simulated natural variability. This increase parallels rising global temperature and results
from stronger El Nifio events. Central Pacific coral data also show increased variability, although less distinctly than in the
Galapagos. Our results provide long-term context for understanding ENSO variability trends, with troubling implications for

climate extremes.

El Niflo-Southern Oscillation (ENSO) is the leading source of
interannual extremes in modern climate, linked to droughts,
floods, infrastructural damages, coral bleaching, wildfires,
and agricultural and health impacts (7-3). ENSO is defined
by coupled variability of the ocean and atmosphere in the
equatorial Pacific, emerging from multiple processes as a co-
herent pattern of changes in tropical Pacific sea surface tem-
perature (SST) and associated wind, hydrologic, and
oceanographic features (4, 5). The complexity of the system,
and remote influences, (6), create large internal variability
that masks a clear response to external climate forcing (7-9)
and hinders model projections, making the attribution of
ENSO behavior to specific drivers and the projection of future
extremes [CJ1.1]difficult. Thus there is a pressing need for
more long-term observations from the equatorial Pacific to
help constrain models, establish a better record of past ENSO
variability, and provide context for its recent behavior. Here
we report paleoclimate records from Galapagos corals (Fig. 1)
that allow us to compare recent ENSO variability to that of
the previous millennium.

Spatial and temporal ENSO variability

Several large and impactful El Nifio events have occurred
in recent decades, each exhibiting warming that extends from
South America to the international dateline. This increase in
strong, basin-wide El Nifio events results in increasing skew-
ness of eastern Pacific SST anomalies (10, 1I) (fig. S1). How-
ever, the large internal variability of ENSO and the sparse
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instrumental record (72) (fig. S1) complicate attribution of
these trends to anthropogenic warming (13, 14). The first sys-
tematic SST observations of the remote region defining ENSO
variability (e.g., Nifio 3.4: 5°S-5°N; 120-180°W) began in the
1980s with satellite observations, later augmented by the in-
situ TOGA-TAO array (I).

Spatial variability complicates this picture: warm SST
anomalies in the eastern Pacific (EP) are typically stronger
than those in the central Pacific (CP) (15, 16) or along the
South American coastline (77). Spatial modes of ENSO may
respond differently to changing climate forcing, e.g., over re-
cent millennia (I8, 19), and under anthropogenic influences
(4, 11, 20). Paleorecords from central Pacific corals are begin-
ning to reveal long-term CP variability (21-26), but the EP
lacks comparable data to place current trends in long-term
context.

Model projections of future climate change tend to disa-
gree on how ENSO-related SST variability will respond to cli-
mate warming. Using the latest coupled climate models
(phases 5 and 6 of the Coupled Model Intercomparison Pro-
ject, hereafter CMIP5/6), the 6™ Assessment Report of the In-
tergovernmental Panel on Climate Change found no
consensus on changing variability in central Pacific (Nifio3.4)
SST, even under high emissions scenarios (7). Later studies
using a subset of models, and large single-model ensembles,
identify increased ENSO SST variability under anthropogenic
forcing (27, 28). In studies that distinguish EP and CP modes,
most CMIP5/6 models show a forced increase in ENSO-SST
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variability that is stronger, and emerges sooner, in the EP rel-
ative to the CP (11, 29).

Despite the emerging view that ENSO SST variability will
increase under anthropogenic forcing, underlying mecha-
nisms and trajectories differ among models, highlighting that
we lack unambiguous physical understanding of simulated
changes (30). Improving the observational record will help
identify models that best capture observed patterns and may
be more likely to accurately assess future variability. High-
resolution paleodata from the tropical Pacific fill a critical
gap in defining long-term baselines and patterns of ENSO
variability.

ENSO paleo-records from Galapagos corals

Here we use modern and subfossil Galapagos coral sam-
ples to quantify changes in interannual SST variance across
the past millennium in the eastern equatorial Pacific (table
S1). The Galapagos archipelago lies in the heart of the EP
ENSO mode (Fig. 1), where the strongest basin-wide ENSO
extremes with the greatest global impacts create maximum
SST anomalies. Interannual variability in Galapagos SST re-
flects ENSO dynamics through changes in thermocline depth,
upwelling, and advection. Coral skeletal Sr/Ca and &%0
closely track past Galapagos SST (31-34). In the main archi-
pelago, seawater 580 (5®0s,) variations are subtle and reflect
circulation changes, not freshwater balance (35). Coral Sr/Ca
and 50 are reproducible and correlate significantly with lo-
cal and large-scale SST patterns, supporting their interpreta-
tion as EP-ENSO proxies (figs. S2 and S3).

We use coral Sr/Ca and 50 to characterize SST variations
over the past millennium. Our results derive from analysis of
28 time series at 5 islands across the Galapagos archipelago
(Fig. 1, tables S1 to S3, and figs. S4 and S5), using local SST-
geochemistry calibrations (tables S4 and S5 and fig. S6). We
empirically account for SST mean and variability gradients
across the region (Fig. 1, fig. S7, and table S3) and calculate
interannual SST variability based on filtered bimonthly SST
anomalies reconstructed from coral Sr/Ca and 30 [supple-
mentary materials (SM), materials and methods]. We quan-
tify the change in variability from a modern benchmark
period (Table 1 and table S6) and compare our results to cen-
tral Pacific coral data (table S7) and other ENSO reconstruc-
tions using this “percent change” metric.

To assess whether our results exceed the range expected
from internal variability or natural forcing, we compare
coral-reconstructed changes with simulations of the prein-
dustrial last millennium (850-1850 CE) driven by natural
forcings (36-38), and their corresponding preindustrial con-
trol simulations. Our analysis incorporates twelve different
climate models (table S8 and figs. S8 to S13), eleven of which
are CMIP5/PMIP3 or CMIP6/PMIP4 members with one last-
millennium simulation. The twelfth is the CESM Last
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Millennium Ensemble (LME), with 13 fully forced simula-
tions of the last millennium (SM materials and methods).

Results: Increasing variability and asymmetry in
eastern Pacific SST

Over the past millennium, EP-ENSO variability recorded
in Galapagos corals parallels global temperature, with strik-
ing amplification in the last ~40 years (Figs. 1 and 2). Rela-
tively low and consistent variance characterizes the 1000-
1850 CE interval (hereafter “preindustrial”). In the following
period (1850-1981; “20th century”), variability begins to rise
in the late 19" century, emerging above the preindustrial
range by the late 20th century. SST variability in the “mod-
ern” (since 1984) is consistently above that reconstructed dur-
ing the preindustrial. Modern SST variability in the eastern
equatorial Pacific is exceptional compared to the background
state of this naturally dynamic system.

The coral reconstructions also track rising skewness (Fig.
1 and fig. S14)) of EP-SST that reflects more frequent strong El
Nifio events. The skewness data are noisier than the variabil-
ity results, but the shift from mostly neutral skewness in the
preindustrial, to mostly positive skewness in the modern in-
terval, indicates that stronger warm events underlie in-
creased variance (Fig. 2). In the instrumental era, changes in
coral and instrumental SST skewness track one another
across the 20th century, although a recent decrease in coral
skewness precedes a similar change in the instrumental rec-
ord.

Each of the three intervals (Fig. 1) (pre-industrial, 20th-
century, and modern) exhibits variability that is statistically
distinct from the others, increasing through time (SM mate-
rials and methods and table S9) (P< 0.0001). Using the per-
cent change in standard deviation, normalized to a recent 20-
yr interval, we find that modern EP ENSO is 36.5 (+8)%
stronger than in the pre-industrial, and 16.2 (x10)% stronger
than in the 20th century (Table 1). Values in parentheses in-
dicate the standard deviation among individual cores. Mod-
ern and 20th-century samples derive exclusively from the
northernmost islands (Wolf and Darwin), and preindustrial
samples derive mostly from the central archipelago (Fig. 1).
Geographic normalization (SM materials and methods) cor-
rects for variability differences that reflect distance from
upwelling centers (fig. S7), but even without this correction,
the modern epoch exhibits significantly higher variability (P<
0.0001) than the earlier intervals (fig. S15 and table S9). At
Isla Wolf, data from 4 colonies spanning preindustrial, 20th-
century, and modern epochs confirm that the dramatic in-
crease in SST variability is independent of site corrections.

Our analysis of last-millennium 30 data from Line Is-
lands corals (table S7) extends and largely agrees with earlier
work (24). Before 1850 CE, the range of variability among rec-
ords is larger in the Line Islands than in the Galapagos, and
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preindustrial variability sometimes overlaps with modern
ranges (Fig. 2). Nevertheless, modern Line Islands variability
(which includes substantial seawater &¥0 influence) (39) is
greater than preindustrial by 33.8 (+15)%, consistent with Ga-
lapagos results, and mean values of percent change are sta-
tistically distinct among epochs (P< 0.0001) (Table 1 and
table S10).

Fossil coral records from the eastern Indian and western
Pacific (Sumatra and Vanuatu) show increasing interannual
variance over the past millennium that has been attributed
to ENSO (26, 40). The reconstructed changes in variability
span the same range as Galapagos and Line Islands data, but
do not show the clear distinction between preindustrial and
modern seen at Galapagos (Fig. 2). Continuous ENSO recon-
structions that merge a wider spatial network of coral, tree-
ring and other paleodata (20, 41, 42) show increasing vari-
ance in the mid-19" century (fig. S16), preceding the Galapa-
gos shift, and preindustrial variability that spans a wider
range than in the EP. By contrast, individual foraminifera
analysis (IFA) from the eastern Pacific shows modest varia-
bility, lowest early in the record and peaking in the late 1700’s
43).

Analysis of preindustrial EP ENSO variability in last-mil-
lennium simulations and their associated preindustrial con-
trol simulations (table S8) reveals that the Galapagos coral-
reconstructed change is significantly greater than simulated
ENSO changes due to natural forcing or internal variability
(P< 0.05) (Fig. 3). The variability change reconstructed from
Galapagos corals (36.5%) exceeds the 95% confidence interval
defined by EP-ENSO SST in 1) a multimodel ensemble of 11
fully forced simulations of the preindustrial last millennium;
2) a single-model ensemble of 13 fully forced simulations of
the preindustrial last millennium; and 3) a multimodel en-
semble of preindustrial (1850) control simulations corre-
sponding to the forced experiments.

Spatial diversity in the evolution of ENSO variance

Over the past millennium, eastern and central Pacific
coral reconstructions roughly agree on the mean amplitude
of ENSO variability change. Neither indicates coherent shifts
concurrent with the extratropical Little Ice Age (ca. 1500-1850
CE) or Medieval (ca. 800-1350 CE) (44) eras, although coral
coverage is sparse before 1500 CE. However, the EP and CP
coral reconstructions differ in other ways. The Galapagos
coral analysis reveals a tight range of preindustrial variability
across cores and sites, and a pronounced distinction between
modern/20th century and preindustrial variability. By con-
trast, the Line Islands records show a greater range in recon-
structed ENSO variability throughout the preindustrial, and
a less distinct emergence of recent changes above preindus-
trial.
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This difference likely reflects the mix of factors that deter-
mine coral 50 in the EP and CP. In the Line Islands, inter-
annual SST anomalies are relatively small, and coral 30
records a substantial 5O, component that varies among
events and islands (39, 45). By contrast, in Galapagos, larger
interannual SST changes dominate the coral 50 signal, as
supported by long-term 5®*O, monitoring and agreement be-
tween paired 50 and Sr/Ca records. Galapagos 5Oy, re-
flects circulation-driven changes that do not correlate with
local SST or ENSO indices (35). The wider range of variability
in Line Islands coral records likely results from substantial
influence of 3©0,, (45), estimated at 30% (Kiritimati) to
>50% (Palmyra) of the coral 5®0 signal during 2015, caused
by circulation and rainfall variability (39, 46). The 5O, sig-
nal cannot be separated from SST in Line Islands coral rec-
ords with available data. Conceivably, gaps in datasets could
also create differences between Galapagos and Line Island
results; the Galapagos data sample 48% of the years between
1100-2015 CE, and the Line Islands sample 59% of this inter-
val.

To the extent that these records reflect variability in EP
(Galapagos) and CP (Line Islands) ENSO SST, they describe a
pattern consistent with model inferences of EP-ENSO and
CP-ENSO responses to external forcing. CMIP5/6 models
tend to project forced increases in ENSO SST variability that
are more consistent and emerge more rapidly in the EP than
in the CP (27, 29). This pattern can result from several inter-
related features, among them a reduced zonal SST gradient,
increased stratification due to warming and intensified rain-
fall, and the nonlinear Bjerknes feedback associated with
eastern Pacific warming and convection (27-29, 47). The coral
reconstructions do not distinguish among mechanisms; they
provide an independent set of observational constraints that
contextualize model simulations.

Comparison with continuous and sedimentary
ENSO reconstructions

Continuous ENSO reconstructions based on multiple
overlapping records (20, 41, 42) suggest that ENSO variability
increased notably before 1900 (fig. S16), well before substan-
tial global warming and the EP-ENSO variability increase at
Galapagos. This may reflect biases that would create this par-
ticular timing. First, age model errors of even a year cause
misalignment of extreme years among records. Combining
such records will damp interannual variance as age model
errors accumulate downcore (48, 49). The start of instrumen-
tal SST records in the mid to late 1800s provides a reference
for coral data that reduce such errors from that time forward.
Second, almost all coral records from within 5-10° of the
equator, where ENSO variance dominates, begin between
1850-1900 CE; reconstructed interannual variance increases
as these records join the reconstructions (49). The age-model
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bias is minimized in tree-ring-only ENSO reconstructions
(41), but the scarcity of old tropical records remains a source
of inhomogeneity. A third bias comes from using remote rec-
ords that may be nonlinearly or inconsistently related to
equatorial Pacific SST (50-52). Prior to the late 1800s, the
continuous reconstructions do not consistently agree on the
timing of changes in variability.

Individual foraminifera analysis (43) provides a different
picture of past ENSO variability (fig. S16). Percent-change val-
ues range over +20% compared to modern, with highest var-
iability during the 1700’s. Compared to other records, IFA
suggests relatively quiescent behavior and no modern
strengthening. However, in the eastern Pacific, this method
(using surface-dwelling species) is more likely to reflect sea-
sonal than interannual changes (53). In the last millennium
data, the topmost sample has fewer individuals than the rest
of the core, making identification of change from modern
even more challenging (SM materials and methods).

The continuous records (20, 41, 42) show scales of varia-
bility comparable to coral data and concur that variability
was higher in the most recent period relative to pre-indus-
trial. These powerful points of agreement collectively support
the recent strengthening of ENSO. However, the continuous
records suggest that this strengthening started in the 19% cen-
tury, prior to substantial anthropogenic forcing. The 19®-cen-
tury rise in variability may reflect the age model
misalignment and sample coverage biases inherent to those
reconstructions - biases that are absent in the Galapagos
coral data. Although sparse in the 19" century, the Galadpagos
data indicate that the largest increase in EP-ENSO SST vari-
ability did not begin until the mid-late 20th century, as global
warming accelerated (Fig. 2), and that variability was low
with little century-scale structure before that time. Fossil
coral reconstructions lack the continuity of multi-site paleo-
climate syntheses and sediment cores, but they provide an
alternate and compelling view of last-millennium ENSO var-
iability that avoids biases described above.

Comparison with naturally forced and internal
ENSO variability

To compare simulated and reconstructed EP-ENSO varia-
bility, we use the percent-change value at the 95™ percentile
of the cumulative density function across all models, using
the EP SST index defined for each simulation (table S8 and
SM materials and methods). The coral-reconstructed SST var-
iability is highly unusual (P< 0.05) compared to naturally
forced and internal variability. This is true whether we use
the full millennium-long simulations, or just the subset of
years covered by the corals, to define model variability (Fig.
3 and fig. S17). The reconstructed increase in EP-ENSO ex-
ceeds the variability in the unforced control simulations at a
level approaching 99% significance (Fig. 3).
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EP-ENSO variability differs among models, particularly in
two of the CMIP-5 models (95% confidence interval of 58%
and 54% for GISS-ER2-R and MPI-ESM-P, respectively). In
these simulations, spikes in standard deviation coincide with
volcanic forcing (fig. S9). This behavior is not seen in other
forced simulations, nor in the preindustrial controls. In con-
trol simulations, EP-ENSO variability is more consistent, with
little difference between CMIP5 and CMIP6 generations (ta-
ble S8), suggesting that forced responses, not internal varia-
bility, drive intermodel differences in EP-ENSO variability. As
in earlier work (I8, 23), forcing does not generally lead to
greater ENSO variability: the only models that show substan-
tial differences in EP-ENSO SST variability between forced
and control simulations are the two in which volcanic erup-
tions produce outsize responses. Eight of the 11 CMIP5/6
models show similar levels of variance between forced and
control simulations (95% CI differences <10%) (table S8).

The individual ensemble members of the LME yield simi-
lar percent-change values (table S8), comparable to the multi-
model ensemble and control simulations. Our multi-model
approach provides a robust background of naturally forced
and internal ENSO variability against which reconstructed
changes in EP-ENSO stand out distinctly. A formal attribu-
tion study is beyond the scope of this paper, but a recent syn-
thesis of simulated changes in ENSO variability concluded
that anthropogenic forcing is likely responsible for post-1960
increases in eastern Pacific variability (27). Regarding detect-
ability, in a study of 68 CMIP5/6 models (29), 63% show EP-
ENSO variability rising above background levels between
1940-2100, with a mean emergence date of ~2030. Our coral
data, although discontinuous, are consistent with these re-
sults, particularly with the models showing early emergence.
Additional coral data from the eastern equatorial Pacific to
fill in temporal gaps would provide a more robust basis for
comparison.

Conclusions

We document an unambiguous increase in EP-ENSO SST
variability since the 19" century, particularly in recent dec-
ades, that reflects the observed intensification of El Nifio
warm extremes and exceeds simulated internal and naturally
forced variability. This amplification is consistent with Earth
system model projections that ENSO-related SST variance
will likely increase and emerge first in the eastern Pacific (27,
29). We find that SST variance in the EP is rising above back-
ground variability more rapidly than expected from most
model simulations, whereas in the CP, increasing variance is
statistically distinct, but has not yet unambiguously exceeded
that of the past millennium. These data describe a pre-indus-
trial range of EP-ENSO SST variability across a time span far
longer than the instrumental record, highlighting the ex-
traordinary nature of recent EP SST variability compared to
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the past millennium. We find no evidence for changes in EP-
ENSO variability associated with the Little Ice Age and Me-
dieval climate eras.

These results have important implications for climate haz-
ards. ENSO extremes impose tremendous economic costs,
ecological damages, and human suffering globally (2, 3). The
impact of more frequent and extreme El Nifio events, super-
imposed on background ocean warming, has been particu-
larly devastating to coral reef ecosystems and to marine
ecosystems more broadly (54-56). As climate warms, the hy-
droclimatic impacts of ENSO are expected to amplify regard-
less of changes in SST variability (57). Our results highlight
that the underlying SST variability is also strengthening; if
this trend continues, it will further intensify the impact of
ENSO within and beyond the tropical Pacific. By demonstrat-
ing a clear increase in eastern Pacific ENSO variability under
unprecedented anthropogenic forcing, our results provide a
point of comparison for identifying climate model simula-
tions that successfully capture this change, which may im-
prove our ability to anticipate and prepare for future risks.
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Fig. 1. Eastern Pacific SST variability, modern and last millennium. (A) Standard deviation of observed monthly
SST anomalies (1982-2024; colors), superimposed on mean SST (labeled contours in °C). The Galapagos and
Line Island archipelagos are indicated by green and yellow symbols, respectively. (B) As in A, but for Galapagos
archipelago (note different scaling). Coral sites are numbered. Data accessed from OISSTv2.1 product (58) using
Climate Explorer (https://climexp.knmi.nl). (C) Colored symbols represent the 20-yr running standard deviation
of interannual SST anomalies reconstructed from Galapagos corals, corrected for inter-island offsets. Circles
represent coral 5¥0-derived SST variability and triangles indicate SST variability derived from coral Sr/Ca. Time
series lose 10 years off their start and end dates due to the 20-yr running calculation, and the gap centered in
thel980's results from the death horizon in all modern Galapagos corals. Pre-industrial corals are labeled with
sample IDs; post-1860 samples are identified inlegend. Shaded grey range indicates +2c range (95% distribution)
for pre-industrial variability. Note the discontinuous X-axis. (D) Inset plot shows the 20-year running standard
deviation for instrumental Galdpagos SST in dark grey and the running 20-yr skewness of interannual anomalies
in light grey (HadISST: 2°S-2°N, 88-92°W) (59). Shaded bars at bottom indicate preindustrial, 20™-century, and
modern epochs. SST and coral data are processed as in the SM materials and methods.
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Fig. 3. Distribution of percent-change values for
climate model simulations, compared to Galapagos
coral. Each plot shows the distribution of percent-change
values calculated for all 20-yr standard deviations in a
simulation compared to the mean 20-year standard
deviation. Vertical lines show the Galapagos coral
changes in magenta (modern relative to Pl solid, modern
relative to 20" century dashed) and the model 90, 95,
and 99% significance levels values in black dotted,
dashed, and solid lines. (A) CMIP5 (light blue) and CMIP6
(dark blue) models; black is the mean of all. These are
calculated for coral years only. (B) LME ensemble
(individual members in green, mean in black). These are
calculated for coral years only. (C) Pre-industrial control
simulations for each of the CMIP5/6 models (individual
models in pink; mean in black; 99% and coral modern-PI
lines overlap). Values for control simulations are
calculated over the full 500-year simulations. The
distribution of percent change values over the full lengths
of CMIP5/6 and LME simulations are provided in fig. S17.
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Table 1. Percent change in ENSO variability compared to modern. Percent change is calculated for each coral rec-
ord as the difference from the modern benchmark interval, using 20-yr standard deviation (SD20) values. Percent
change = ((modern benchmark SD20 — older SD20)/modern benchmark SD20). Benchmark intervals are given in
table S6, and statistical tests are described in the SM materials and methods with results in table S9. We compare the
values in this table for Galapagos with model results in Fig. 3 and fig. S17.

Preindustrial last millennium Post-industrial ~20th century
Years 1000 to 1850 CE 1851t01982 CE
Galapagos 36.5% (+8); P < 0.0001 16.2% (+10); P < 0.0001
Line Islands 33.8% (x15); P <0.0001 18.5% (£15); P < 0.05
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