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[11 The El Nifio—Southern Oscillation (ENSO) is the largest engine of interannual climate
variability on the planet, yet its past behavior and potential for future change are poorly
understood and vigorously contested. Reconstructions of past ENSO are indispensable for
testing climate models tasked with predicting future ENSO activity in a warming world,
but suitable geologic archives are scarce, especially for the last glacial period. Here we
reconstruct mean climate and ENSO variability in the Holocene and Last Glacial
Maximum (LGM) from oxygen isotopic ratios (6'*0) of individual foraminifera retrieved
from deep-sea sediments. Our results document coordinated adjustments of the tropical
Pacific/ENSO system between two diametrically opposite states: an “amplified ENSO”
state in the LGM associated with a reduced zonal temperature gradient, and a “damped
ENSO” state in the Mid-Holocene with enhanced gradient. Orbital precession provided the
switch between these states and acted as the dominant external driver of the tropical
Pacific/ENSO system in the past 25,000 years. The linked response of the mean state and
variability to orbital forcing provides an integrated framework for testing ENSO theory

and models.

Citation: Koutavas, A., and S. Joanides (2012), El Niflo—Southern Oscillation extrema in the Holocene and Last Glacial
Maximum, Paleoceanography, 27, PA4208, doi:10.1029/2012PA002378.

1. Introduction

[2] ENSO is the principal mode of interannual climate
variability on Earth notable for both its large amplitude and
global scope [McPhaden et al., 2006]. Its origin lies in cou-
pled ocean-atmosphere interactions in the tropical Pacific
Ocean, which are inherently unstable and oscillate between
warm (El Nifio) and cold (La Nifia) states with a period of
3—7 years [Bjerknes, 1969; Wang and Fiedler, 2006]. The
instrumental record suggests ENSO is modulated at lower
frequencies [Fedorov and Philander, 2001], but its length
is too short to evaluate potential ENSO adjustments on
decadal and longer time scales relevant for society. Stability
analysis suggests ENSO is dependent on the mean climate
[Fedorov and Philander, 2001] raising concern that future
climate change may profoundly affect ENSO behavior
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[Collins et al., 2010] with widespread consequences.
Despite the obvious significance of this problem, especially
for densely populated tropical regions where agriculture,
food security, and human health are vulnerable to weather
anomalies, reliable long-range ENSO prediction remains
beyond the capability of current generation climate models
[Cane, 2005; Guilyardi et al., 2009; Collins et al., 2010].

[3] ENSO reconstructions from paleoclimate archives can
extend the instrumental record and provide valuable insights
on long-term ENSO dynamics as well as targets for model
investigations. Coral-based reconstructions from the tropical
Pacific have been especially valuable for gaining direct
insight into oceanic ENSO processes [Tudhope et al., 2001;
McGregor and Gagan, 2004; Cobb et al., 2003] but are
limited in spatial and temporal distribution resulting in short
and discontinuous records. Coral specimens predating the
Holocene (last 10,000 years) are exceedingly rare, and
consequently ENSO understanding over glacial-interglacial
cycles has been at an effective standstill [Tudhope et al.,
2001]. Constraints during the LGM ~19-24 ka (thousand
years ago) in particular are virtually non-existent yet highly
desirable as this period has long been a benchmark for
paleoclimate reconstructions and modeling [Otto-Bliesner
et al., 2003; Zheng et al., 2008].

[4] In order to develop long and continuous ENSO recon-
structions from the ocean environment we used an alternative
approach based on planktonic foraminifera from seafloor
sediments [Koutavas et al., 2006; Leduc et al., 2009]. Over
their short life spans (order of one month or less) foraminifera
construct shells of calcite (CaCO3) capturing brief snapshots
of sea surface temperature (SST) and salinity in their oxygen-
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Figure 1. Location of core V21-30 with respect to annual SST anomalies (January through December)
during the (top) 1997 El Nifio and (bottom) 2007 La Nifia (from Global Ocean Data Assimilation System,
accessed at http://www.cpc.ncep.noaa.gov/products/GODAS/monthly.shtml).

isotopic ratio (6'%0). Analysis of individual specimens
deposited over narrow intervals allows an estimation of the
corresponding monthly variability. We use Globigerinoides
ruber (white), a surface-dwelling species prolific in the
tropical oceans, which offers distinct advantages because of
its mixed-layer habitat [Fairbanks et al., 1982], short life
span of 2-4 weeks [Spero, 1998], broad temperature and
salinity tolerances [Bijma et al., 1990], and high abundance
in sediments of the tropical Pacific. Building on earlier
results demonstrating this method’s potential [Koutavas
et al., 2006] we present here a comprehensive data set of
individual G. ruber §'%0 spanning the Holocene and LGM
from sediment core V21-30 in the eastern equatorial Pacific
(EEP) near the Galapagos Islands (Figure 1).

[5] The main controls on G. ruber §'%0 are the calcifica-
tion temperature (—0.21%0/°C) [Bemis et al., 1998] and
salinity (0.27%o/psu) [Fairbanks et al., 1982]. The seasonal
range of SST and salinity at our site is 5.3°C and 1.4 psu
respectively, increasing interannually to 10.8°C and 1.8 psu
[Carton and Giese, 2008]. During El Nifio warming and
freshening drive 6'%0 depletion, while during La Nifia
cooling and drying drive enrichment. SST dominates over

salinity accounting for 90% of the total 6'°0 variance.
Consequently interpretations of G. ruber 680 are framed
here primarily in terms of SST (amplified by a synergistic
salinity effect). Our method quantifies the integrated SST
variance rather than interannual SST anomalies due to
ENSO. Shifts in variance may therefore also result from
changing seasonality, and accordingly we qualify our results
with respect to this possibility. Decadal and longer variations
are neglected because their longer periods (and likely smaller
amplitude) strongly diminish their contribution to the mea-
sured 6'*0 variance.

2. Material and Methods

[6] Core V21-30 (1°13'S, 89°41'W, 617 m depth) is
located within the equatorial cold tongue of the EEP formed
by divergent upwelling, and experiences large SST anoma-
lies correlated strongly with the Niflo-3 index (» = 0.83 for
Nov 1981-Sep 2011) (Figure 1). For this project §'0 was
measured on 2071 G. ruber specimens from 39 Holocene
and LGM samples, averaging 53 + 7 individuals per sample.
Based on mean sedimentation rate of ~13 cm/ka over the
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Table 1. Carbon-14 Ages on N. dutertrei Used in the Age Model of V21-30*

Sample Depth Raw C-14 Age Age Error Calibrated Age
(cm) (yr) (tyr) (yr) Lab Accession Number References
0 2190 45 1640 NOSAMS 0S-20675 Koutavas and Lynch-Stieglitz [2003]
55 5620 55 5880 NOSAMS 0S-30482 Koutavas and Lynch-Stieglitz [2003]
120 9830 55 10600 NOSAMS 0S-20674 Koutavas and Lynch-Stieglitz [2003]
151 11250 50 12740 NOSAMS 0S-20676 Koutavas and Lynch-Stieglitz [2003]
170 11750 90 13100 NOSAMS 0S-30483 Koutavas and Lynch-Stieglitz [2003]
184 12250 70 13570 NOSAMS 0S-30484 Koutavas and Lynch-Stieglitz [2003]
211 15750 40 18640 UCIAMS 46973 Stott et al. [2009]
215 13400 90 15250 NOSAMS 0S-30485 Koutavas and Lynch-Stieglitz [2003]
225 15650 70 18400 UCIAMS 47875 Stott et al. [2009]
225 16520 80 19190 UCIAMS 47876 Stott et al. [2009]
236 17550 80 20150 UCIAMS 47877 Stott et al. [2009]
236 17430 80 20060 UCIAMS 47878 Stott et al. [2009]
241 16710 90 19300 UCIAMS 47879 Stott et al. [2009]
241 17140 80 19740 UCIAMS 47880 Stott et al. [2009]
250 16800 80 19360 NOSAMS 0S-20680 Koutavas and Lynch-Stieglitz [2003]
300 22100 130 25940 NOSAMS 0S-46188 Koutavas and Lynch-Stieglitz [2003]
300 22800 90 26780 NOSAMS 0S-46262 Koutavas and Lynch-Stieglitz [2003]
320 25100 150 29390 NOSAMS 0S-30486 Koutavas and Lynch-Stieglitz [2003]
400 26900 150 31640 NOSAMS 0S-15720 Koutavas and Lynch-Stieglitz [2003]
520 36400 250 41150 NOSAMS 0S-20678

“NOSAMS, National Ocean Sciences Accelerator Mass Spectrometer; UCIAMS, University of California Irvine Accelerator Mass Spectrometer.

past 25 ka and sampling width of 1 cm each sample repre-
sents a nominal deposition interval of ~80 years, although
the effective interval is likely longer due to bioturbation. The
site lies near the modern oxygen minimum zone, with dis-
solved [O,] of ~1 ml/l, a factor that may provide a relative
advantage by limiting benthic activity. Additional observa-
tions suggest that bioturbation is not a serious impediment to
our method, notably because samples closest to the deglacial
interval of the core, hence most susceptible to admixture of
individuals with different isotopic composition, show no
evidence of such admixture. A more detailed evaluation of
bioturbation is given in the results section.

[7] The age model of core V21-30 is based on a linear
regression of twenty C-14 ages (R? = 0.977) on Neoglobo-
quadrina dutertrei between 0 and 520 cm depth [Koutavas
and Lynch-Stieglitz, 2003; Stott et al., 2009] listed in
Table 1. This differs from a previous age model based on
linear interpolation of a subset of these ages [Koutavas et al.,
2002; Koutavas and Lynch-Stieglitz, 2003]. The C-14 ages
were calibrated here using CALIB 5.0.1 with AR of
125 years (the regional departure from the global average
reservoir correction) and uncertainty of +66 years [Stuiver
and Reimer, 1993]. Ages beyond the CALIB range were
calibrated according to Fairbanks et al. [2005]. Additional
C-14 ages on this core are available from G. ruber,
G. sacculifer and G. menardii [Stott et al., 2009] all indi-
cating linear accumulation rate, but species age offsets are
also present. We chose N. dutertrei for the age model because
of the greater number of ages available, higher species
abundance allowing larger samples to be analyzed, and C-14
ages intermediate to the other species. We emphasize that the
assumptions built into this age model (linear regression,
choice of species, reservoir correction, etc.) contribute
uncertainties that collectively can amount to several hundred
years. The chronology of events and suggested sub-epoch
boundaries delineated in our data (e.g., Late, Middle and
Early Holocene) should therefore be considered approximate
and elastic. Comparisons with other records from the tropical

Pacific dated either with C-14 or other clocks, for example
U/Th in corals and speleothems, are also subject to this
caveat.

[s] Paired Mg/Ca and 6'0 in V21-30 were measured on
~100 pooled G. ruber from the 250-355 pum size-fraction.
Samples were gently crushed, homogenized and split in 2—
3 aliquots for replicate Mg/Ca and 6'®0. Splits for Mg/Ca
underwent clay removal and oxidative and reductive cleaning
to remove authigenic oxides and sulfides, and were analyzed
on a Jobin-Yvon Panorama-V ICP-OES at Lamont-Doherty
Earth Observatory (LDEO). Analytical precision, expressed
as the pooled standard deviation of 60 replicate pairs,
was £0.0464 mmol/mol, equivalent to +0.2°C. Temperature
was calculated with the equation Mg/Ca = 0.38*exp(0.097)
where Mg/Ca is in mmol/mol, and 7 in °C [Dekens et al.,
2002; Anand et al., 2003]. Aliquots for stable isotopes from
the same samples were measured on a VG Optima Isotope
Ratio Mass Spectrometer QIRMS) following reaction with
phosphoric acid at 90°C. §'*0 and 6'°C were calibrated to
Vienna Pee-Dee Belemnite (VPDB) by repeat analyses on
NBS-19 and an internal laboratory standard. Analytical
precision was +0.06%o for §'®0 and +0.04%o for 6"°C.
Individual G. ruber were picked from the 300-355 um size
fraction, cleaned ultra-sonically in deionized water, and
analyzed on a VG Optima IRMS at LDEO, and an identical
instrument at Rutgers University. Both instruments were
calibrated with NBS-19 and an identical internal working
standard, and both had comparable precision of £0.1%o for
8'80. The isotopic composition of seawater (§'%0g,) was
calculated with the low-light equation of Bemis et al. [1998]:
T(°C) = 16.5(£0.1) — 4.8(£0.08)*(6'*0, — §'%04,,), where
T is the temperature from Mg/Ca, and 6'®0, the isotopic
composition of G. ruber calcite.

3. Core Stratigraphy and Comparison With
Modern Conditions

[9] The full suite of measured proxies in core V21-30 is
illustrated in Figure 2. These include bulk G. ruber 6'%0 and
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Figure 3. 6'®0 variance of individual G. ruber from the Holocene and LGM. The variance is calculated
as the squared standard deviation (6°) of individual §'®0 in each sample. Two bars are shown for each
sample: the high bar includes all the data while the low bar excludes the heaviest and lightest value from
each distribution, to test for spurious outlier effects. Both approaches yield similar shifts in variance
downcore. The age of each sample is indicated at the top of each bar (rounded to 0.1 ka). The 1.1 ka sample
is the core top of V21-29. The 7.0 ka sample marked with a star appears anomalous as its variance is driven
by two positive outliers (>3-sigma from the mean) and may be spurious. This sample was excluded from
further analysis. Green bar on left and dashed horizontal line indicate the 1958-2007 monthly §'%0
variance from instrumental SST and salinity [Carton and Giese, 2008]. Orange bar marked “No ENSO”
is the monthly variance due to the annual cycle only [Locarnini et al., 2006]. Dashed arrows suggest broad
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trends in the data. Hatched bars mark data breaks.

s13C, Mg/Ca SST, 880 of seawater (61805W), 580 of
individual G. ruber (N = 2071), and C-14 ages used in the
age model (Table 1). Stratigraphic relationships are consistent
with other open-ocean cores from the EEP [Lea et al., 2006;
Pena et al., 2008] establishing the site as representative. The
LGM is defined by maximum 6'®0 enrichment (Figure 2a)
terminating ~19 ka with a warming step in Mg/Ca SST
(Figure 2b) and a correlative negative 6 13C shift (Figure 2d)
previously observed in other sites from the EEP [Spero and
Lea, 2002; Pena et al., 2008]. The SST amplitude from
LGM to Late Holocene averages 2.0°C (Figure 2b), similar to
the ~1.8°C change in nearby core TR163-22 [Lea et al.,
2006]. V21-30 also shows a ~1.5°C deglacial reversal
during the Younger Dryas, a previously ambiguous signal in
Mg/Ca but more clear in alkenone records [Kienast et al.,
2006]. The §'%0,, calculated from G. ruber §'%0 and
Mg/Ca shows a mean LGM-Holocene shift of 1%o consistent
with the mean ocean shift due to ice volume [Waelbroeck
et al., 2002] but with a lag during deglaciation evident also
in nearby TR163-22 [Lea et al., 2006]. A key advantage of
V21-30 is its shallow depth, which minimizes carbonate
dissolution and contributes to superior preservation and high
abundance of G. ruber. Our main objective here is to exploit
these attributes for single-specimen §'*0 analysis to recon-
struct shifts in variance.

[10] The full ensemble of individual G. ruber 6'*0 is
shown in Figure 2a, and the corresponding estimates of
variance are shown in Figure 3. As a test of our method’s
ability to reproduce modern conditions we compared the
mean and variance of 6'®0 in core top samples with
expected values from instrumental data. Two core tops with
ages of 0.96 and 1.06 ka from V21-30 (617 m water depth)
and nearby V21-29 (712 m water depth) [Koutavas and
Lynch-Stieglitz, 2003] produced identical §'%0 distributions
with means of —1.72 and —1.78%o and standard deviations
0f 0.507 and 0.510%o.. By comparison expected values from
instrumental (1958-2007) monthly SST and salinity [Carton
and Giese, 2008] average —1.55 to —1.88%o (bracketed by
the equations of Bemis et al. [1998]) and standard deviation
of 0.514%o. The core top and late twentieth century values
are indistinguishable indicating the method faithfully captures
both mean and variance. We proceed to examine recon-
structed monthly variance in the past from G. ruber §'°0.

4. Holocene

11] The complete sequence of reconstructed §'*0 variance
(0°) in our samples is shown in Figure 3. For reference the
figure also shows the late twentieth century variance calcu-
lated from instrumental data [Carton and Giese, 2008] (green

Figure 2. Stratigraphic and paleoclimatic proxies from core V21-30. (a) 6'*0 of bulk G. ruber Qred line), 6'*0 of G. ruber

individuals (open circles) and their mean values (red circles). (b) Mg/Ca SST of G. ruber. (c) 6

80 of seawater calculated

from G. ruber Mg/Ca and §'®0, compared to global ocean §'%0 [Waelbroeck et al., 2002]. (d) 6'°C of G. ruber. Triangles
at bottom indicate C-14 ages used in the age model (Table 1). The Holocene and LGM are shaded in gray.

5of 15



PA4208

bar on left), and the expected variance in a hypothetical
scenario without ENSO but with unchanged seasonal cycle
(orange bar). Removal of ENSO reduces the variance by
29% from 0.265 to 0.189, highlighting the dominance of
annual over interannual variability in the EEP today [Wang
and Fiedler, 2006]. Six of nine samples (66%) within the
last 3.5 ka yield indistinguishable variance from the twentieth
century while three others are somewhat reduced. As a whole
the Late Holocene (0—4 ka) has average variance of 0.224,
15% less than the twentieth century, with some evidence
of millennial variability. Although not robust at current
resolution, the latter merits further investigation. Prior to
~3.5 ka, Holocene variance was distinctly lower, with only
2 of 19 samples (10%) reaching twentieth century values.
Most distinct is a ~2,000-year period between ~4-6 ka
marked by a deep minimum (Figure 3). We use the term
“Mid-Holocene” to describe this interval, but caution that
other studies may define the Mid-Holocene somewhat dif-
ferently. For example the Paleoclimate Modeling Intercom-
parison Project (PMIP) applies the term “Mid-Holocene” to
6 ka [Zheng et al., 2008], and other studies may consider the
Mid-Holocene to extend earlier to ~7 ka. We calculated
the mean variance of the 4—6 ka interval to be 0.134 or ~50%
less than modern. This reduction agrees qualitatively with
previous inferences of Mid-Holocene ENSO decline from
western Pacific corals [Tudhope et al., 2001; McGregor and
Gagan, 2004] although the minimum variance in our data is
somewhat later that the coral ages in those studies (~6.5 ka
and 5.35-6.09 ka, respectively). Reduced Mid-Holocene
ENSO is also supported by sediments from lakes Pallcacocha
in Ecuador [Moy et al., 2002] and El Junco in the Galapagos
[Conroy et al., 2008], although there are also notable differ-
ences between our results and these lake records, discussed
below.

[12] An alternative attribution of the reduced Mid-Holocene
variance in our samples might be due to a damped annual
cycle. We do not favor this as the primary driver because it
fails to explain corroborating evidence for damped ENSO,
including from western Pacific corals [Tudhope et al., 2001;
McGregor and Gagan, 2004] where seasonality is extremely
small. However, the magnitude of our Mid-Holocene anomaly
is too large to explain by ENSO decline alone (Figure 3)
and calls for an additional source, most likely from a weaker
annual cycle. A damped annual cycle may have resulted
from a northward shift of the Intertropical Convergence
Zone (ITCZ) [Haug et al, 2001] to latitudes farther
removed from the equator allowing steadier year-round
upwelling. This is consistent with Mid-Holocene cooling of
~0.5°C observed at our core site (Figure 2b) and similar
cooling off Baja California [Marchitto et al., 2010] - a
region teleconnected to the EEP today - implying a
regionally coherent SST anomaly. Eastern Pacific cooling
and a stronger zonal gradient at this time [Koutavas et al.,
2006; Marchitto et al., 2010] evoke sustained La Nifia
conditions, an analogy that resonates with enhanced aridity
in the Great Basin and Rocky Mountains of the western
United States [Benson et al., 2002; Bacon et al., 2006;
Shuman et al., 2009], regions that experience drought today
during La Nifia (or lack of El Niflo). For example, Owens
Lake in California reached near-desiccation levels ~4.3—
6.8 ka [Bacon et al., 2006], while Rocky Mountain lakes
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experienced low stands ~4.5-7.0 ka [Shuman et al., 2009]
largely overlapping the period of damped variance and
cooling in our EEP reconstruction. Our attribution of the
anomalous Mid-Holocene variance to a combination of
suppressed ENSO and weaker seasonality is also consistent
with the majority of models surveyed by a recent ~6 ka
PMIP-2 synthesis [Zheng et al., 2008]. Four out of seven
models indicated reduced seasonal amplitude in the Nifio-3
region with the remaining three indicating no change, while
six of the seven models also simulated weakened ENSO
amplitude.

[13] The Early Holocene (6.0-9.7 ka) has mean variance of
0.199, which is intermediate between the Late and Mid-
Holocene (Figure 3). Compared to the core top values this
represents a significant decrease of 23%, but it is unclear
what portion of this reflects reduced ENSO versus damped
seasonality. Interannual events are discernible in corals
during this timeframe but with damped amplitude [McGregor
and Gagan, 2004], suggesting ENSO was weaker but
operating. Our results are in agreement with this notion and
suggest the Early Holocene was a dynamically similar but
probably less extreme precursor of the Mid-Holocene. This
view is also consistent with the lake record from El Junco
[Conroy et al., 2008] where the greatest ENSO decline
appears to have occurred between 4 and 6 ka, but contrasts
with Pallcacocha [Moy et al., 2002] where ENSO was found
to be least active in the early Holocene (see Figures 7b
and 7c¢ for a comparison of these lake records with our
results). Considering that the lake records may be biased
toward moderate-to-strong positive (El Nifio) events only,
and that our results do not explicitly separate seasonality
effects from ENSO, we should not be surprised by these
differences. While further refinements are needed, the first-
order agreement of these records on a long-term increase in
ENSO through the Holocene is reassuring.

[14] Our earliest Holocene sample dates to 9.7 ka and is
stratigraphically located directly above the large deglacial
880 shift (Figure 2a). As such this sample is most vulner-
able to admixture of isotopically heavier individuals from
underlying stratigraphic levels due to bioturbation. Such
individuals would be identifiable by their significantly
heavier isotopic values, resulting in a skewed distribution
and artificially enhanced §'®0 variance. However, none of
these characteristics are present. The 9.7 ka sample has one
of the lowest variances in the entire Holocene (Figure 3), no
evident skewness, and no suspect outlier values indicating
upward transport from lower stratigraphic levels. These
observations increase our confidence that bioturbation is not
an insurmountable impediment to our approach.

5. LGM

[15] Direct constraints of LGM ENSO from the tropical
Pacific have heretofore been elusive. Our §'*0 index regis-
ters maximum variance during this time (Figure 3) with a
mean of 0.284, 27% greater than the Late Holocene mean
(0—4 ka) and 7% greater than late twentieth century. Four out
of ten LGM samples significantly exceed the twentieth
century variance by up to 46%. Compared with the Middle
and Early Holocene, the LGM has 115% and 43% greater
variance respectively. The highest LGM variance at 20.7 ka
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exceeds the lowest Mid-Holocene value at 5.3 ka by four-
fold. F tests for equality of variance show that the differ-
ences between the Early, Middle, Late Holocene and LGM
sample pools are significant at >99% confidence (Figure 4)
(except Early versus Late Holocene, significant at 90%). As
a whole these results attest to a remarkably large dynamic
range in EEP conditions within the past 25 ka.

[16] Was the amplified LGM variance the outcome of
stronger ENSO or enhanced seasonality? For an independent
assessment of seasonality we turned to the meridional SST
gradient between the cold tongue and the northeastern
Pacific warm pool near 8°N (Figure 5). This gradient
undergoes a pronounced seasonal variation coupled to the
cold-tongue/ITCZ complex and its strength has been shown
in models to be intimately linked to the annual cycle vari-
ance [Timmermann et al., 2007]. Assessment of this gradient
therefore provides an indirect means to constrain seasonal-
ity. A significant reduction of this gradient was previously
proposed for the LGM on the basis of planktonic §'*0
records within the EEP [Koutavas and Lynch-Stieglitz,
2003]. Later studies using alkenone paleothermometry sug-
gested the opposite pattern, i.e., an intensified LGM gradient
[Dubois et al., 2009; Rincon-Martinez et al., 2010]. How-
ever, alkenone reconstructions in warm ocean regions are
subject to some ambiguity due to decreasing response of the
alkenone unsaturation index with increasing temperature
above 26°C [e.g., Conte et al., 2006]. Studies that account
for this effect give significantly different results from those
that do not, even within the same core (see, for example,

Leduc et al. [2007] versus Dubois et al. [2009] and Rincon-
Martinez et al. [2010] for core MD02-2529). Caution is
therefore needed when interpreting alkenone results from the
warm province north of the cold tongue where SSTs reach
>28°C. Given these considerations we turned again to §'*0
and undertook an updated synthesis of G. ruber §'°0
records to reevaluate the EEP gradient (Table 2). The results
(Figure 5) indicate a reduced LGM gradient by 35%, which
we interpret as the combined effect of reduced SST and
salinity gradients across the equatorial front. On this basis
we infer that the seasonal cycle of the cold tongue was likely
weaker during the LGM and hence not the source of the
amplified §'®0 variance, pointing instead to ENSO as the
most plausible driver. Dynamically, reduced LGM season-
ality could be explained by means of restricted northward
migration of the ITCZ in boreal summer, forced by high-
latitude ice cover [Chiang and Bitz, 2005]. This would have
resulted in a net southward shift of the mean ITCZ position
and a narrower seasonal migration range, with reduced sea-
sonality of SST (due to less variable winds seasonally) and
precipitation in the equatorial cold tongue. A southward-
shifted ITCZ implies greater mean annual rainfall, other
factors being equal. This is not supported by the 6'%0g,,
record (Figure 2¢), which does not show a negative excur-
sion during the LGM. We interpret this to reflect a com-
pensating decrease in rainfall due to cooler SSTs and
weakened atmospheric convection. Rincon-Martinez et al.
[2010] also found decreased rainfall in Ecuador based on
diminished terrigenous inputs to a coastal marine site from
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Figure 5. Meridional gradient of the eastern tropical Pacific from G. ruber 6'%0. (left) The map illus-
trates the modern gradient in annual mean SST from World Ocean Atlas 2005 data [Locarnini et al.,
2006], and the locations of eight cores with G. ruber §'®0 data, used to reconstruct the gradient over
the last 30 ka. Cores are numbered as in Table 2. (right) G. ruber §'30 profiles from these cores. Averages
of the four northern and four southern sites are shown in thick red and blue lines, calculated by averaging
the raw data in 500-year windows. The N-S §'®0 gradient (black circles at bottom right) is calculated as the
difference between the northern and southern averages. The mean LGM gradient (0.68%o) reflects a 35%
reduction relative to the Late Holocene (1.05%o).
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nearby rivers. While those authors attributed the more arid
glacial stages in Ecuador to a northward shift of the ITCZ,
this interpretation remains difficult to reconcile with our
finding of a relaxed §'®0 gradient between 8°N and 2°S
(Figure 5). Alternatively, arid glacials in Ecuador may
reflect a general weakening of the hydrologic cycle or a
decoupling of terrestrial and marine rainfall responses.

[17] As with the Holocene, the LGM sample most sus-
ceptible to bioturbation artifacts is the one stratigraphically
closest to the deglaciation (19.9 ka). This sample shows no
evidence of isotopically light outliers originating in the

overlying deglacial interval, nor unusually high variance or
negative skewness as might be expected from admixture of
younger individuals with more negative 6'%0. To further
evaluate the role of bioturbation we analyzed one sample
from the deglacial interval (16.8 ka), hypothesizing that it
would be most likely to display anomalously high variance
from admixture of both heavier and lighter outliers from
above and below. Once again we found no isotopic outliers,
or evidence of unusually high variance as a consequence of
bioturbation. While these observations do not rule out

Table 2. G. ruber §'30 Records From the Eastern Equatorial Pacific Used to Calculate the Meridional §'30 Gradient
of Figure 5%

Core ID Latitude Longitude Depth (m) References
1 MD02-2529 8°12.33'N 84°07.32'W 1619 Leduc et al. [2007]
2 V28-134 6°54'N 85°25.98'W 2434 This study
3 MEO0005A-43JC 7°51.35'N 83°36.5'W 1368 Benway et al. [2006]
4 ODP1242 7°51.35'N 83°36.42'W 1364 Benway et al. [2006]
5 TR163-22 0°30.9N 92°23.9'W 2830 Lea et al. [2006]
6 V21-30 1°13'S 89°41'W 617 This study
7 ODP1240 0°01.31'N 86°27.76'W 2921 Pena et al. [2008]
8 V19-28 2°22'S 84°39'W 2720 This study

#Core numbers on left correspond to those on the map of Figure 5. Adding to previously published data we provide here new data
from V28-134, V21-30 and V19-28.
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bioturbation, as a whole they suggest it is not a serious
limitation of our data and interpretations.

[18] Our LGM data offer the first direct assessment of
ENSO variability from the marine environment of the EEP,
and as such are not amenable to direct comparison with other
studies. One exception is the related study of Leduc et al.
[2009], which evaluated thermocline variability in the
Costa Rica Dome from isotopic distributions of individual
N. dutertrei, a thermocline dweller. That study found mar-
ginally reduced variability in the LGM, although the results
were not statistically significant and were based on much
smaller sample sizes than our work. Less direct inferences
have also been drawn from varved sediments of Lake Challa
in East Africa, where present-day rainfall is teleconnected to
the tropical Pacific [Wolff et al., 2011]. Reduced interannual
variability in those records was linked to possibly weaker
ENSO; however, it is also possible that atmospheric tele-
connections between the tropical Pacific and East Africa
were different in the LGM, confounding the interpretation of
lake hydrology in terms of ENSO forcing.

[19] Unlike the Mid-Holocene, model results for ENSO
and seasonality during the LGM are mixed, making com-
parisons with our interpretations more tenuous. In the
PMIP-2 model synthesis of Zheng et al. [2008] a survey of
four LGM simulations found one with a significant decrease
in ENSO (CCSM3), one with a significant increase
(MIROC3.2), and two with no significant change. No con-
sensus emerged on seasonality either, with one model indi-
cating an increase and three indicating no change or small
decreases. Within the realm of those surveyed models
MIROC3.2 appears to be qualitatively the most consistent
with our LGM findings of amplified ENSO and decreased
seasonality.

6. Relationship With the Mean State

[20] The mean state of the tropical Pacific is thought to be
fundamental for the character of interannual variability
[Fedorov and Philander, 2001; Cane, 2005; Guilyardi et al.,
2009; Collins et al., 2010]. The zonal SST asymmetry
between the cool east and warm west Pacific is an essential
indicator of the ocean-atmosphere coupling at the heart of
ENSO [Bjerknes, 1969]. A strong zonal gradient is associ-
ated with cool SST and a shallow thermocline in the east,
enhancing the ocean-atmosphere coupling and allowing the
winds to generate large SST anomalies, in turn feeding back
on the winds. A weak gradient implies a deeper thermocline
and weaker air-sea coupling. It is unclear whether either of
these states is inherently associated with more or less active
ENSO.

[21] In light of the significant shifts in variance within our
results, we investigate whether a link exists between recon-
structed variance and the zonal SST gradient. We estimated
this gradient for the last ~30 ka using G. ruber Mg/Ca
records from the western and eastern Pacific (Figure 6).
Specifically we used seven published Mg/Ca reconstructions
from the western Pacific within the 28°C isotherm, and two
from the eastern Pacific cold tongue (Table 3). While SST
may also be geochemically estimated from algal-derived
alkenones [Kienast et al., 2006; Leduc et al., 2007; Koutavas
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and Sachs, 2008; Dubois et al., 2009; Rincon-Martinez et al.,
2010] these compounds are generally in low abundance and
often below detection in sediments of the warm western
Pacific, limiting their usefulness in estimating basin-wide
gradients. In addition, warm-temperature calibration uncer-
tainties complicate alkenone interpretations in the warm
pool. The Mg/Ca approach shows a reduction of ~1°C in the
zonal gradient during the last glacial period between 17 and
25 ka, and a ~0.5°C increase in the Early-Middle Holocene
between 4 and 8 ka (Figures 6b and 7d). These periods
broadly coincide with the extrema in §'*0O variance described
earlier (Figures 3 and 7c). Indeed, linear regression of the
680 variance and zonal SST gradient (Figure 8b) shows a
significant negative correlation (r = —0.67) associating
greater variance with reduced gradient and vice versa. Within
this parameter space the LGM and Mid-Holocene represent
fundamentally opposite circulation states. The former was
characterized by weak gradient and amplified variability,
and the latter by strong gradient and reduced variability.
Importantly, inverse relationships between ENSO variability
and the zonal gradient have recently been found in long
integrations of coupled climate models [Karnauskas et al.,
2012], suggesting they may represent an intrinsic property
of low-frequency adjustment of the tropical Pacific. In our
results both extremes (Mid-Holocene and LGM) were
marked by cooler SSTs in the EEP (Figure 2b), although for
different dynamical reasons. The LGM cooling was in our
view a consequence of global forcings from greenhouse gases
and albedo, while the Mid-Holocene represents dynamical
ocean-atmosphere adjustment promoting greater equatorial
divergence.

[22] An integral aspect of ENSO involves zonal displace-
ment of the heavy precipitation over the western Pacific,
eastward during El Nifio, causing drought over Indonesia.
Consequently we expect any skillful reconstruction of
ENSO to be coherent with records of Indonesian rainfall. As
a test, we compared our reconstructed EEP variance with the
8'0 of speleothems recording convective rainfall over
Borneo [Partin et al., 2007] (Figure 7a). A significant pos-
itive correlation exists between Borneo speleothem 6'%0 and
EEP variance (r = 0.62, Figure 8c), which is consistent with
the modern relationship between El Nifio and Indonesian
drought. The coherence of the two data sets is particularly
compelling during the Mid-Holocene (4-6 ka) when the
most depleted §'°0 (highest precipitation) in Borneo coin-
cided with minimum EEP variance (Figures 7a and 7c).
Given that excess precipitation in the western Pacific is an
established consequence of La Nifia, this result bolsters our
earlier analogy with sustained La Nifia conditions for the
Mid-Holocene mean state. Diminished Borneo rainfall in the
LGM is also consistent with our finding of amplified ENSO,
although additional factors due to tropical cooling must
have contributed to this. Overall, the relationship between
Borneo precipitation and EEP variance from G. ruber 6'*0
(Figure 8c) reinforces our view that the latter is primarily an
index of the low-frequency modulation of ENSO. Were this
index instead driven primarily by annual cycle changes, we
would expect a positive correlation with the meridional EEP
gradient (Figures 5 and 7e) [Timmermann et al., 2007].
Instead a weak negative correlation is present (Figure 8d).
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Figure 6. Zonal SST gradient of the tropical Pacific from G. ruber Mg/Ca. (a) Mg/Ca SST from seven
western and two eastern Pacific cores (see also Table 3 for list of cores). SST is expressed as anomaly
relative to the Late Holocene (0—4 ka) except for site MD9721-41 which lacks the Late Holocene and
was instead referenced to 4-6 ka. The western Pacific records are plotted on the left axis and the eastern
records on the right axis. The thick purple and blue lines represent the average for the western and eastern
Pacific respectively, calculated by averaging the raw data in 500-year windows. (b) Zonal SST gradient
anomaly relative to the Late Holocene calculated as the difference of the western and eastern Pacific
averages from Figure 6a. (c) Locations of the nine cores relative to annual mean SST from World Ocean
Atlas 2005 data [Locarnini et al., 2006]. The core numbers follow Table 3. The western Pacific cores lie
within the 28°C isotherm delineating the Indo-Pacific Warm Pool. The eastern Pacific cores lie within

the equatorial cold tongue.
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Table 3. G. ruber Mg/Ca SST Records Used to Calculate the East-West SST Gradient®

Core ID Latitude Longitude Depth (m) References

1 MD9721-41 8°48'N 121°18'E 3633 Rosenthal et al. [2003]
2 MD06-3067 6°31'N 126°30'E 1575 Bolliet et al. [2011]
3 MD9821-81 6°18'N 125°49.8'E 2114 Stott et al. [2002]
4 ODP806B 0°19.1'N 159°21'E 2520 Lea et al. [2000]
5 MD9821-62 4°41.33'S 117°54.17'E 1855 Visser et al. [2003]
6 MD9821-65 9°39'S 118°20'E 2100 Levi et al. [2007]
7 MDO0123-78 13°5'S 121°47'E 1783 Xu et al. [2008]
8 TR163-22 0°30.9'N 92°23.9'W 2830 Lea et al. [2006]
9 V21-30 1°13'S 89°41'W 617 This study

ODP1240° 0°01.31'N 86°27.76'W 2921 Pena et al. [2008]

“The core numbers on left match those on the map of Figure 3.

®Site ODP1240 was not included in the east Pacific average because of concerns over dissolution affecting the Holocene SSTs.
The combination of greater depth and a more westerly location (hence greater productivity) at this site pose an elevated risk of
dissolution, particularly in the Holocene, the interval most prone to dissolution. Including this record in the east Pacific average
however does not change the finding of weaker LGM zonal gradient.

[23] In summarizing the mean state constraints, both the
zonal and meridional gradients of the tropical Pacific were
weaker in the LGM (Figures 7d and 7¢) and strengthened in
the Holocene. The two gradients were estimated with dif-
ferent proxies (Mg/Ca and §'0) and different sets of cores
(Figures 5 and 6 and Tables 2 and 3) and are thus indepen-
dent. Their convergence on a glacial mean state with
diminished gradients supports earlier conceptual analogies
with El Nifio [Koutavas et al., 2002; Stott et al., 2002;
Koutavas and Lynch-Stieglitz, 2003]. It remains unclear
whether the LGM adjustment also involved changes in
thermocline structure, an important element of the mean
state [DiNezio et al., 2011]. Thermocline reconstructions for
the LGM are not fully developed, but some evidence based
on isotopic gradients of vertically stratified foraminifera
implies a thicker mixed layer and deeper thermocline in the
eastern Pacific [Spero et al., 2003]. Further work is neces-
sary to constrain the LGM thermocline structure across the
basin.

7. Causal Attribution

[24] The §'®0 variance correlates strongly (= 0.70) with
March—September insolation difference on the equator fol-
lowing the 23 ka precession cycle (Figures 7c and 8a). This
relationship associates damped variance with maximum
September (upwelling season) and minimum March (warm
season) insolation, e.g., during the Mid-Holocene. Under
this orbital configuration, reduced heating in March when
the tropical Pacific is uniformly warm in east and west
reduces heat input to the ocean and promotes cooling. In the
opposite season (September) when equatorial upwelling
intensifies, increased solar radiation restores heat in the west
but not in the east Pacific where warming is opposed by
dynamical upwelling; as a consequence the zonal gradient
intensifies. This mechanism, known as the dynamical ocean
thermostat [Clement et al., 1996], reinforces the Walker
circulation and opposes the development of El Nifio
[Clement et al., 2000]. During the Early and Mid-Holocene
this mechanism explains three key observations in our data:
(1) cooling of the EEP (Figure 2b); (ii) enhanced zonal SST
gradient (Figure 7d); and (iii) reduction of interannual

variability (Figure 7c). During the LGM insolation was
approaching the opposite orbital configuration (peaking
~17 ka, Figure 7c) with a corresponding prediction of
weaker zonal gradient, enhanced ENSO, and warmer EEP.
The first two are manifested in our data (Figures 7c¢ and 7d)
but the third was clearly overwhelmed by the global radia-
tive forcings responsible for ice-age cooling. We conclude
that despite the momentous shifts in background climate in
the past 25 ka, precession remained the main control on
zonal dynamics and interannual variability in the tropical
Pacific, exPlaining 50% of the modulation of variance in
G. ruber §'%0. This result suggests that orbital-scale ENSO
variability may be largely predictable on the basis of inso-
lation alone, a hypothesis that must be tested with longer
records. However, the character of variability also includes
abrupt regime shifts and higher-frequency volatility (e.g., the
sharp transitions into and out of the Mid-Holocene and
repeated oscillations during the LGM) that point to nonlinear
behavior.

[25] Among our findings, the presence of amplified LGM
ENSO is perhaps most unexpected, yet not entirely surpris-
ing. Some model simulations of the LGM climate produce
enhanced ENSO activity [Otto-Bliesner et al., 2003; An et
al., 2004; Zheng et al., 2008], although for varying reasons
and with background climate states not fully consistent with
the one described here, i.e., one with reduced thermal gra-
dients. The divergence of models on LGM ENSO [Zheng
et al., 2008; DiNezio et al., 2011] resonates with a general
lack of consensus on 21st century ENSO predictions [Cane,
2005; Guilyardi et al., 2009; Collins et al., 2010], high-
lighting the need for continued model development, testing
and validation. Climate models are essential for anticipating
ENSO surprises in a warming world and their skill hinges
critically on faithfully reproducing paleo-ENSO reconstruc-
tions. Our evidence of diametrically opposite ENSO states in
the Mid-Holocene and LGM coupled with coordinated
adjustments of the mean state provides an integrated
framework for validation experiments addressing both mean
state and variability. Given the volatile nature of ENSO in
the past 25 ka evident in our data, understanding its role in
past and future climates should be a priority.
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Figure 7. Synthesis of tropical Pacific climate proxies for the last 25 ka. (a) Borneo stalagmite 6'*0
[Partin et al., 2007]. (b) El Nifio variability from lakes Pallcacocha, Ecuador [Moy et al., 2002] and El
Junco, Galapagos [Conroy et al., 2008]. (c) Cold tongue §'*0 variance from individual G. ruber (open
circles) as in Figure 3. Error bars indicate the standard error of the variance o*(2/(N-1)), where o is
the standard deviation and N the sample size. Mar—Sep insolation contrast on the equator is shown in
red [Berger and Loutre, 1991]. (d) Zonal SST gradient between the west and east Pacific from Mg/Ca
(see also Figure 6b). (¢) Meridional gradient of the EEP from G. ruber 6'*0 (see also Figure 5).
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