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Abstract El Nifo-Southern Oscillation (ENSO) dominates interannual climate variability; thus,
understanding its response to climate forcing is critical. ENSO’s sensitivity to changing insolation is poorly
understood, due to contrasting interpretations of Holocene proxy records. Some records show dampened
ENSO during the early to mid-Holocene, consistent with insolation forcing of ENSO amplitude, but other
records emphasize decadal-centennial fluctuations in ENSO strength, with no clear trend. To clarify Holocene
ENSO behavior, we collected proxy data spanning the last ~12 kyr and find relatively low El Nifio amplitude
during the early to mid-Holocene. Our data, together with published work, indicate both a long-term trend in
ENSO strength due to June insolation forcing and high-amplitude decadal-centennial fluctuations; both
behaviors are shown in models. The best supported mechanism for insolation-driven dampening of ENSO is
weakening of the upwelling feedback by insolation-forced warming/deepening of thermocline source
waters. Elucidating the thermocline’s role will help predict future ENSO change.

1. Introduction

El Nifio-Southern Oscillation (ENSO) is a key source of interannual climate variability, with global impacts
including drought, floods, coral bleaching, and decreased fisheries yield. It remains uncertain whether
ENSO will strengthen or weaken in response to anthropogenic climate change (Christensen et al., 2013),
due in part to a lack of understanding of ENSO’s sensitivity to external forcing and tropical Pacific mean
climate. This ambiguity stems from contrasting conclusions drawn from Holocene proxy reconstructions of
ENSO. Many reconstructions, including those derived from individual foraminifera, precipitation-sensitive
indices, and corals/mollusks, show early and mid-Holocene dampening of ENSO; that is, El Nifio and La
Nina events had a lower amplitude and/or were less frequent relative to the late Holocene (Chen et al.,
2016; Conroy et al., 2008; Driscoll et al., 2014; Duprey et al., 2012; Koutavas & Joanides, 2012; McGregor
et al,, 2013; McGregor & Gagan, 2004; Moy et al., 2002; Rodbell et al,, 1999; Sadekov et al,, 2013; Thompson
et al., 2017; Tudhope et al., 2001; Woodroffe, 2003; Zhang et al,, 2014). These reconstructions implicate exter-
nal forcing of ENSO amplitude by insolation. However, recent compilations of many coral/mollusk records
depict a Holocene ENSO history dominated by decadal-centennial fluctuations, similar to that of the last
millennium (Cobb et al., 2003), with no long-term trend in ENSO strength attributable to insolation forcing
(Cobb et al,, 2013; Emile-Geay et al,, 2016). In contrast to the divergent interpretations of proxy data, model-
ing studies are unanimous in finding that changing insolation dampened ENSO during the early and
mid-Holocene (e.g, An & Choi, 2014; Braconnot et al., 2012; Bush, 2007; Chiang et al, 2009; Clement et al.,
2000; Liu et al, 2014; Otto-Bliesner et al., 2003; Roberts et al., 2014) while also showing high-amplitude
decadal-centennial variability in ENSO strength throughout the Holocene (Liu et al., 2014) similar to
coral/mollusk reconstructions (Cobb et al,, 2013; Emile-Geay et al, 2016). Although model studies agree that
changes in insolation dampened ENSO during the early and mid-Holocene, they disagree on the mechanism.
To validate model results, it is first necessary to develop a consensus view on Holocene ENSO behavior. If the
balance of proxy data show a long-term trend in ENSO strength consistent with insolation forcing, then the
mechanism by which insolation dampened ENSO can be assessed.

To determine whether there was a long-term trend in Holocene ENSO strength, we reconstructed tempera-
ture variability from individual foraminifera from the central equatorial Pacific during the Younger Dryas (YD)
and the Holocene, filling key data gaps. Our new findings, together with published studies, provide strong
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evidence for a long-term trend of dampened ENSO during the early to mid-Holocene, consistent with insola-
tion forcing, superimposed on high-amplitude decadal-centennial fluctuations in ENSO strength, This inter-
pretation reconciles apparently divergent reconstructions of Holocene ENSO and is consistent with model
results. To test model-derived mechanisms for insolation-driven dampening of ENSO, we synthesized proxy
data on Holocene tropical Pacific mean climate. We find that a weakened upwelling feedback, stemming
from insolation-driven warming/deepening of the equatorial Pacific thermocline, is the best supported
mechanism for early and mid-Holocene ENSO dampening.

2. Methods and Approach
2.1. Study Site

We used marine sediment cores MGL1208-14MC and 12GC (0°S, 156°W, 3,049 m depth) from the central
equatorial Pacific, near the Line Islands (Figure S1 in the supporting information), where the mixed layer is
~100 m deep and the thermocline is at ~150 m (Figure S2). Our site is ideal for studying ENSO; the seasonal
cycle amplitude in the mixed layer is only £0.4°C, whereas the average peak sea surface temperature (SST)
anomaly during El Nifio events is +2°C (Carton & Giese, 2008). Therefore, ENSO dominates SST variability at
our site, unlike locations farther east (Thirumalai et al., 2013) (Figure S1). The modern SST distribution, based
on the past 50 years of data (the Simple Ocean Data Assimilation (SODA) v2.1.6 data set; Carton & Giese,
2008), shows that the warmest temperatures occur exclusively during El Nifio events; seasonal variations
are confined to the middle of the distribution. Further advantages of the site are that it lies within the
Nifio3.4 region, where ENSO events are defined (Trenberth, 1997), and enables side-by-side comparison to
Line Islands coral records (e.g., Cobb et al., 2013).

2.2. Analytical Approach

To reconstruct El Nifio amplitude, we acquired Mg/Ca-based temperatures from individual tests of
Globigerinoides sacculifer without sac-like final chamber (hereafter referred to as G. sacculifer), a mixed-
layer-dwelling foraminifer. We also measured Mg/Ca of pooled tests of G. sacculifer through the Holocene
and late deglaciation, to elucidate average mixed-layer temperatures at the site. Foraminiferal Mg/Ca was
converted to SST using the Anand et al. (2003) multispecies calibration with the Regenberg et al. (2014)
multispecies dissolution correction, assuming modern ACO,”". Radiocarbon dates were generated for every
interval with individual foraminiferal data. See supporting information for details.

Foraminifera capture ~1 month “snapshots” of their environment, so by measuring 70-90 individuals from each
sample, we reconstructed a distribution of SST representing monthly variability during seven time periods.
Bioturbation broadens the time interval represented in each sample to ~800 years, given a 5 cm bioturbation
depth (Trauth et al, 1997). To compare the SST distribution in each downcore interval to that of the core top, we
use quantile-quantile plots, following the method of Ford et al. (2015). Quantile-quantile plots allow visual
isolation and comparison of certain parts of the distribution, enabling separation of ENSO-related variability
from seasonality, which is impossible with a simple metric such as standard deviation. A distribution with less
extreme warm temperatures (i.e., the warmest temperatures are not as far above the mean) indicates lower
amplitude of El Nifio events, relative to the core top. To highlight differences in the warmest quantiles, down-
core quantile data are normalized to the core top distribution (Figure S3 and supporting information).

3. Results

3.1. Comparison of Core Top G. sacculifer Temperatures to Benchmark Data Sets

Individual G. sacculifer-derived temperatures from the core top (dated to 4,030 years B.P.) agree with the
modern temperature distribution in the mixed layer at our site (Carton & Giese, 2008) (Figures 1 and 54
and supporting information). This agreement implies that any bias from vertical migration or seasonal
preference of the foraminifera is small. Our core top data are also similar to contemporaneous coral data from
nearby Christmas Island (Cobb et al., 2013) (Figure S5 and supporting information), enabling direct com-
parison of the data sets. To minimize systematic biases in G. sacculifer temperatures due to bioturbation
and other processes, we present all downcore data as deviations from the core top rather than the modern
SST distribution. Confidence intervals are estimated by resampling the empirical continuous distribution
function of each sample using a Monte Carlo simulation (see supporting information for details).
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Figure 1. (left) Quantile-quantile and (right) normalized quantile-quantile plots of modern monthly gridded temperatures
in the middle of the mixed layer (58 m depth) near our site, (the SODA v2.1.6 data set; Carton & Giese, 2008), plotted
versus individual G. sacculifer temperatures from the core top. The core top matches the modern temperature distribution
within 90% confidence intervals (gray region).

3.2. Sensitivity Tests

Sensitivity tests, performed by manipulating modern temperatures from the SODA data set (Carton & Giese,
2008) and subsampling them, show that our method can detect a decrease in El Nifio amplitude as small as
20%, within 90% confidence intervals, and that even a 50% decrease in seasonal cycle amplitude does not
affect the warmest quantiles. We also find that our observed trend in El Niflo amplitude is unlikely to have
arisen from random sampling of decadal-centennial variability in either ENSO strength (as described by
Wittenberg, 2009) or in annual mean temperature (as described for the Line Islands region by Cobb et al,,
2003) in the absence of a true long-term trend (Figures $6-S8 and supporting information).

3.3. Downcore Temperature Data

There is a clear trend in our individual foraminiferal data: the late Holocene and YD intervals are similar to the
core top, whereas the five early and mid-Holocene intervals have less extreme warm temperatures, signifi-
cant at the 90% confidence level, indicating reduced El Nifio amplitude (Figure 2). These findings remain
significant at the 80% confidence level after accounting for 0.4°C uncertainty in each data point, which stems
from instrumental uncertainty, intratest variations, differential dissolution, and changes in salinity (Figure S9
and supporting information). Our findings remain similarly significant if we use the late Holocene sample as
the baseline for comparison, instead of the core top (Figure S10). Long-term average Mg/Ca-derived SST
estimates at our site show similar trends to those from the east equatorial Pacific (EEP), with slightly lower
temperatures in the mid-Holocene relative to the early Holocene (Figure S11).

4. The Holocene History of ENSO

Our finding of reduced El Nifio amplitude during the early and mid-Holocene, compared to the late Holocene
and YD, is best evaluated in the context of previously published data and model studies, which are synthe-
sized and presented in the following sections. Data (Table S3) from individual foraminifera, precipitation
records, and corals/mollusks are consistent with models indicating both high-amplitude decadal-centennial
fluctuations and a long-term trend in ENSO strength (Liu et al,, 2014) and therefore provide evidence of inso-
lation forcing of ENSO.

4.1. Individual Foraminiferal Records

Individual foraminiferal data in the EEP (Koutavas & Joanides, 2012) show strongly dampened ENSO in the
mid-Holocene but more variability in ENSO strength during the early Holocene. This early Holocene variability
was originally interpreted to indicate enhanced ENSO strength; however, it can also be explained by greater
decadal-centennial variability in ENSO strength (section 4.3) superimposed on dampened ENSO on average,
which agrees with similar data from a nearby site (Sadekov et al., 2013). Eastern tropical Pacific warm pool
subsurface temperatures show slightly dampened variability in the early Holocene, albeit not statistically sig-
nificant (Leduc et al., 2009). In any case, these subsurface data do not contradict our results since a deeper
thermocline (section 5.1) can alter subsurface variability independently of changes in ENSO. In general,
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Figure 2. Mixed-layer temperature distributions from seven time intervals during the Holocene and YD at the Line Islands. Normalized quantile-quantile plots show
the difference of each downcore quantile from the core top quantile (y axis) versus the core top quantiles (x axis). Patterned region highlights quantiles attributed
solely to El Nifio events, where points below the zero line indicate reduced amplitude of El Nifio events. Gray shaded region indicates 90% confidence intervals.
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Figure 3. Reconstructions of ENSO in the context of model results, thermocline
temperatures, and composite SST records from the WEP and EEP. Wide shaded
bars show sample intervals from this study, each spanning ~800 years; pink/blue
indicate lower/similar amplitude El Nifio events, respectively, to the core top.
Narrow bars show modeling results; dark pink/dark blue show reduced/similar
ENSO to preindustrial, from modeling studies at 3.5 ka (Otto-Bliesner et al., 2003),
6 ka (An & Choi, 2014; Bush, 2007; Chiang et al., 2009; Otto-Bliesner et al., 2003),
8.5 ka (Otto-Bliesner et al., 2003; Roberts et al., 2014), 9 ka (Bush, 2007), 9.5 ka
(Braconnot et al,, 2012), and 11 ka (Otto-Bliesner et al.,, 2003), respectively.

(a) September (dashed) and June (solid) insolation at the equator (Berger, 1978).
(b) Subsurface temperatures from P. obliquiloculata Mg/Ca in the WEP (light blue,
Dang et al., 2012; and purple, Xu et al., 2008), and N. dutertrei Mg/Ca in the

EEP (dark blue; Sadekov et al,, 2013). (c) Composite SST anomalies (with respect
to average temperature 0-4 ka) from WEP Mg/Ca and coral 5r/Ca records (dark
red), EEP Mg/Ca records (orange), and EEP alkenone records (olive green).
Colored regions denote standard deviation of temperatures from all composited
records. (d) Transient model run forced with insolation, CO,, meltwater, and
ice sheets, showing standard deviation of SST in the Nino3.4 box band-pass
filtered at 1.5-7 years (Liu et al,, 2014) (thin gray line), and 700 year smoothed
model data (thick gray line).

individual foraminiferal records are consistent with dampened ENSO
during the early to mid-Holocene, in agreement with our findings,
and support insolation forcing of ENSO.

4.2. Precipitation-Based Records

Records of El Nifio-related precipitation all show dampened El Nifio in
the mid-Holocene (Chen et al, 2016; Conroy et al,, 2008; Moy et al.,
2002; Rodbell et al., 1999; Thompson et al, 2017; Zhang et al,, 2014).
Some show dampened El Nifo through the entire early and mid-
Holocene (Moy et al., 2002; Rodbell et al., 1999) or very dampened El
Nifio in the mid-Holocene and moderately dampened El Nifio in the
early Holocene (Chen et al, 2016), but a few studies from a
Galapagos lake indicate that El Nifio was not dampened in the early
Holocene (Conroy et al., 2008; Zhang et al., 2014). Overall, for the
mid-Holocene, precipitation-based El Nifio records agree with our
results, but for the early Holocene, these records disagree among
themselves and (in some cases) with our data, likely due to greater
non-ENSO-related precipitation variability in the early Holocene caused
by meltwater forcing (Bush, 2007; Liu et al., 2014) (section 4.4). As such,
precipitation data do not contradict dampened ENSO during both the
early and mid-Holocene.

4.3. Coral and Mollusk Records

Several coral and mollusk records, which provide decades-long,
monthly resolved records of ENSO from discrete time intervals, show
dampened ENSO in the early and mid-Holocene (Carre et al, 2014;
Driscoll et al., 2014; Duprey et al, 2012; McGregor et al, 2013;
McGregor & Gagan, 2004; Tudhope et al, 2001; Woodroffe, 2003).
However, compilations of many such records depict a more complex
picture, with substantially dampened ENSO from ~3-5 ka, and dam-
pened ENSO on average but more record-to-record variability in
ENSO strength during the early Holocene, which was argued to be
inconsistent with a long-term trend in ENSO strength (Cobb et al,
2013; Emile-Geay et al, 2016). The record-to-record variability likely
reflects decadal-centennial variations in ENSO strength, as shown in
proxy data from the last millennium (Cobb et al., 2013) and in unforced
model runs (Wittenberg, 2009; Wittenberg et al.,, 2014). These unforced
short-term fluctuations were likely present throughout the Holocene
and may have been of similar magnitude to a long-term trend in
ENSO strength from insolation forcing (Liu et al, 2014, shown in
Figure 3d), making detection of a trend difficult (Liu et al, 2014). In addi-
tion, there may have been forced decadal-centennial fluctuations in
ENSO strength during the early Holocene (section 4.4), further
hampering detection of a trend. Overall, the coral data can be inter-
preted as showing dampened ENSO on average during the early to
mid-Holocene relative to the late Holocene, consistent with insolation
forcing, combined with superimposed decadal-centennial variability in
ENSO strength. These two behaviors are not mutually exclusive; both
are shown in models (Liu et al., 2014).

4.4. Decadal-Centennial Forcings of ENSO Strength During the Early Holocene

Some of the observed decadal-centennial variability in early Holocene ENSO strength may have been forced
by changing meltwater (Braconnot et al., 2012; Liu et al., 2014) or total solar irradiance (Marchitto et al., 2010).
Models find that increased meltwater in the North Atlantic strengthens ENSO (Braconnot et al., 2012; Liu et al.,
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2014; Timmermann et al.,, 2007). At 10 ka, sea level was ~40 m lower than today (Bard et al, 1996), so
meltwater pulses in the early Holocene could have created decadal-centennial periods of strengthened
ENSO superimposed on a long-term insolation-forced dampening of ENSO. Meltwater pulses would also
disrupt teleconnections between precipitation-sensitive proxies in the eastern Pacific (Conroy et al,, 2008;
Zhang et al., 2014) and Nino3.4 SST, creating an increase in precipitation variability unrelated to ENSO (Liu
et al,, 2014). Another potential source of decadal-centennial forcing is total solar irradiance, which varied
more in the early Holocene than the mid- to late Holocene (Marchitto et al, 2010). Changing solar
irradiance is theoretically capable of affecting ENSO via ocean dynamical cooling (Emile-Geay et al., 2007)
and is correlated with centennial-scale variations in early Holocene ENSO (Marchitto et al., 2010). Overall,
the apparent increase in decadal-centennial variability in early Holocene ENSO strength shown in
coral/mollusk records (Cobb et al.,, 2013; Emile-Geay et al.,, 2016) is likely an accurate representation of
ENSO’s behavior in response to a range of forcings. However, these short-term fluctuations cannot be
taken as evidence for the lack of a long-term insolation-forced trend.

4.5. Model Results

Model studies are unanimous in simulating dampened ENSO during the early and mid-Holocene (e.g., An &
Choi, 2014; Braconnot et al., 2012; Bush, 2007; Chiang et al., 2009; Clement et al., 2000; Otto-Bliesner et al,,
2003; Pausata et al., 2017; Roberts et al., 2014). Model results from discrete time intervals are reported relative
to preindustrial conditions, whereas our data are reported relative to the core top (Figure 3). Despite the
difference in baseline, our findings are consistent with model results because both fall on a Holocene-long
trend in ENSO strength (Figure 3d; Liu et al., 2014), in which both the early and mid-Holocene had dampened
ENSO compared to our two youngest samples. The Liu et al. (2014) results also show high-amplitude
decadal-centennial variations in ENSO strength. Overall, model results are consistent with Holocene proxy
data in showing a long-term trend in ENSO strength due to insolation forcing, superimposed on short-term
fluctuations in ENSO strength. Importantly, models show that these different scales of variability are not
mutually exclusive.

5. Mechanism of Observed Trend in Holocene ENSO Strength

In general, Holocene proxy data show dampened ENSO in the early to mid-Holocene relative to the late
Holocene, consistent with insolation forcing of ENSO. This interpretation agrees with numerous modeling
and proxy studies (e.g., An & Choi, 2014; Braconnot et al,, 2012; Bush, 2007; Chen et al,, 2016; Chiang et al,,
2009; Clement et al, 2000; Koutavas & Joanides, 2012; Liu et al, 2014; McGregor & Gagan, 2004;
Otto-Bliesner et al., 2003; Roberts et al,, 2014; Rodbell et al., 1999; Tudhope et al., 2001). Given data-model
agreement, and armed with our new data compilation, we are now poised to address the question: by what
mechanism did insolation dampen ENSO? We review three mechanisms and test whether they are supported
by proxy data of tropical Pacific surface and subsurface temperature. We also discuss the implications of June
versus September insolation forcing.

5.1. Weaker Upwelling Feedback

One proposed mechanism for Holocene ENSO dampening is weakening of the upwelling feedback,
caused by mean warming of the thermocline due to insolation-forced warming of southern
subtropical/midlatitude surface waters (Liu etal,, 2014; Liu et al., 2000; Roberts et al,, 2014). A warmer thermo-
cline, with respect to SST, weakens stratification, decreasing the effect of upwelling on SST and weakening a
key positive feedback that generates ENSO (Liu et al., 2014). Thermocline waters in the equatorial Pacific are
sourced from surface waters in the subtropics (Hanawa & Talley, 2001) and midlatitudes, with successively
deeper layers of the thermocline/subthermocline sourced from successively higher latitudes (Toggweiler
et al., 1991). Importantly, about 3 times more water is transported into the equatorial thermocline from the
south than from the north (Johnson & McPhaden, 1999) because northern waters are blocked by the
Intertropical Convergence Zone (ITCZ) (Johnson & McPhaden, 1999; Lu & McCreary, 1995). These southern
subtropical/midlatitude surface waters, centered on 120°W and ~20°5-40°S, subduct during austral winter
when the mixed layer deepens (Hanawa & Talley, 2001; Johnson & McPhaden, 1999; O'Connor et al,, 2002;
Toggweiler et al, 1991; Wong & Johnson, 2003). Therefore, the equatorial thermocline temperature is sensi-
tive to SSTs in the subtropical/midlatitude South Pacific during austral winter and would thus respond to
changing June insolation (Liu et al., 2014).
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Another thermocline-based mechanism for dampened early and mid-Holocene ENSO is that changes in inso-
lation weakened the trades in late boreal winter/early spring, allowing westerly wind anomalies to generate
downwelling Kelvin waves (Karamperidou et al., 2015). These waves reached the EEP by late summer/early
fall and depressed the thermocline, weakening the upwelling feedback and dampening ENSO
(Karamperidou et al, 2015). Because modeled trade wind strength is tied to the subtropical highs, which
depend on June insolation (Karamperidou et al., 2015; Mantsis et al., 2013), this mechanism, as with the
thermocline warming mechanism (Liu et al., 2014), would respond to changes in June insolation.

To test whether the weaker upwelling feedback mechanism is supported by proxy data, we examined tropi-
cal Pacific thermocline records. Subsurface temperatures in the EEP and west equatorial Pacific (WEP) show a
warmer/deeper thermocline in the early Holocene and cooling toward present (Dang et al., 2012; Sadekov
et al., 2013; Xu et al,, 2008) (Figure 3b), with weaker EEP stratification in the early and mid-Holocene (data
from Sadekov et al., 2013). Subsurface temperatures on the Peru margin were also warmer in the early
Holocene (Bova et al, 2015; Kalansky et al, 2015), consistent with evidence for a warmer early and
mid-Holocene thermocline in the open ocean. The Karamperidou et al. (2015) mechanism predicts a deeper
thermocline only in late summer/early fall, not in the annual average, but this likely aligns with seasonal bias
in the proxy record, which emphasizes the upwelling season (Thunell et al,, 1983). No proxy records exist from
the thermocline source region, but the nearest record (from the Peru margin at 30°S) shows peak SSTs in the
early Holocene that cooled toward present (Kaiser et al,, 2008), agreeing with equatorial thermocline records.
Climate models also show warmer SSTs in the thermocline source region during austral winter/spring in the
early and mid-Holocene and show this warm anomaly subducting into the equatorial thermocline (Liu et al.,
2014), mirroring modern observations (Wong & Johnson, 2003). Overall, the idea that early and mid-Holocene
ENSO dampening resulted from a weaker upwelling feedback due to a warmer/deeper thermocline is
well supported.

5.2. Decreased Air-Sea Coupling

Another proposed mechanism for early to mid-Holocene ENSO dampening is that insolation forcing caused
cooler SSTs basin-wide, reducing air-sea coupling such that a given SST anomaly produced a smaller atmo-
spheric anomaly, stabilizing ENSO (e.g., An & Choi, 2014). To assess whether cooler SSTs existed basin-wide
in the early and mid-Holocene, we created composite SST anomaly records for the WEP and EEP (Figure 3),
using published Mg/Ca and alkenone records (see Figures S11 and 512, Table S4, and supporting information
for details). In both the EEP and WEP, our Mg/Ca-based SST anomaly records show warmer SST in the early
Holocene, contrary to predictions of cooler SST. However, as shown by (Gill et al, 2016), alkenone records
diverge from Mg/Ca records in showing cooler early Holocene SST (Figures 3 and S11). While alkenone
records support cooler early and mid-Holocene SST, the majority of reconstructions are based on Mg/Ca data
and do not show cooler SSTs; as such, there is not clear support for the decreased air-sea coupling hypothesis
(e.g, An & Choi, 2014).

5.3. Stronger Walker Circulation

An alternative explanation for Holocene ENSO dampening is that Walker circulation was stronger, either
because higher summer/fall insolation created a larger east-west SST difference (Clement et al, 2000;
Koutavas & Joanides, 2012; Otto-Bliesner et al., 2003; Sadekov et al., 2013) or because the Asian monsoon
and trade winds were stronger (e.g., Braconnot et al,, 2012; Bush, 2007). Evidence for a larger east-west SST
difference in the early to mid-Holocene is unclear because Mg/Ca and alkenone records disagree in the EEP
(Figure 3c). Comparing Mg/Ca data from the WEP and the EEP yields similar east-west SST differences in the
early and late Holocene, implying that enhanced Walker circulation cannot explain dampened ENSO in the
early Holocene. On the other hand, EEP alkenone data yield a higher east-west SST gradient during the early
and mid-Holocene, supporting the Walker circulation hypothesis. However, given the seasonality of alkenone
production in the EEP (Leduc et al,, 2010; Timmermann et al., 2014), the alkenone SST estimates likely reflect
winter conditions, which would not be expected to dampen ENSO (Clement et al., 2000). For clarification, we
turn to thermocline tilt, a better indicator of Walker circulation strength than east-west SST difference
(DiNezio et al,, 2011). Warmer early and mid-Holocene temperatures in both the EEP and WEP thermocline
(Dang et al., 2012; Sadekov et al., 2013; Xu et al, 2008) suggest basin-wide warming and/or deepening of
the thermocline and do not support a steeper thermocline tilt and strengthened Walker circulation.
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Our conclusion that the stronger Walker circulation mechanism is not well supported differs from other
studies, which argue that changing east-west SST difference does explain variations in ENSO strength
(Koutavas & Joanides, 2012; Sadekov et al,, 2013). However, Koutavas and Joanides (2012) rely on ENSO being
dampened in the mid-Holocene but not early Holocene, contrary to our results, and Sadekov et al. (2013)
combine temperature records from the EEP and the eastern tropical Pacific warm pool, which does not repre-
sent the EEP or Walker circulation. Overall, considering our new early Holocene ENSO data and SST synthesis,
the stronger Walker circulation mechanism is not well supported.

5.4. June Versus September Insolation Forcing

Because September insolation is always higher than June insolation at the equator, it was originally proposed
as the driver of long-term changes in ENSO (Clement et al,, 2000). Mechanisms that operate entirely within
the tropics, including the decreased air-sea coupling and stronger Walker circulation mechanisms, would
thus be expected to produce changes in ENSO that follow September insolation timing. However, our finding
of dampened ENSO during both the early and mid-Holocene implicates June, not September, insolation as
the driver (Figure 3a). June insolation forcing implies an extratropical mechanism of ENSO dampening,
supporting the weaker upwelling feedback hypothesis (including changes stemming from mean annual
warming or seasonal deepening).

6. El Nino During the Younger Dryas

Our data from 12,170 years B.P., during the YD, show similar El Nifio amplitude as the late Holocene.
Bioturbation, age uncertainty, and possible changes in sedimentation rate may mean that our sample con-
tains some non-YD specimens; higher-resolution data are needed to confirm our observations. However,
our findings are in rough agreement with model results and individual foraminiferal records (Liu et al,
2014; Sadekov et al, 2013), which show slightly stronger ENSO. Similar or strengthened ENSO during the
YD cannot be attributed to insolation; instead, it is likely linked to meltwater forcing. Models find that melt-
water input to the North Atlantic amplifies ENSO via a southward shift of the ITCZ, which weakens the EEP
seasonal cycle and thereby strengthens ENSO via frequency entrainment (Braconnot et al,, 2012; Liu et al.,
2014; Timmermann et al,, 2007). Data showing a southward shift in the ITCZ over the EEP during the YD
(e.g, Benway et al., 2006) support this mechanism.

7. Conclusions

Our new Holocene ENSO data and synthesis supports the idea that changing June insolation dampened
ENSO during the early and mid-Holocene. This forced evolution of ENSO was likely accompanied by large
decadal-centennial variability in ENSO strength, as suggested previously. However, this variability does not
preclude a long-term trend, as has been previously argued. The best supported mechanism for early and
mid-Holocene ENSO dampening is a weakening of the upwelling feedback, due to insolation-forced mean
warming or seasonal deepening of the thermocline. Mechanisms that invoke decreased air-sea coupling
and stronger Walker circulation are not well supported by the data. Currently, the effect of stratification
and upwelling relative to Walker circulation is a source of disparity among predictions of ENSO under anthro-
pogenic climate change (DiNezio et al., 2012). Given the importance of the upwelling feedback in the
Holocene evolution of ENSO, improving its representation in models should be a key target for improving
predictions of ENSO behavior.
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